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This  research  illustrates  the  development  of  a personal  computer(PC)-based 

computer-aided  manufacturing  system,  which  was  applied  in  the  machining  of  aircraft 

structures.  The  developed  system  contains  a design  module,  tool  path  generation 

routines,  postprocessing  routines,  and  a verification  routine. 

The  design  module  allows  the  user  to  construct  the  wireframe  model  of  three- 

dimensional(3-D)  geometries  made  up  of  lines  and  arcs  through  a series  of  entity 

creation  and  editing  operations.  Several  view  functions  are  also  included  so  that  the 

user  can  observe  the  constructed  geometry  in  any  direction  of  view  and  with  different 

scales. 

Five  tool  path  generation  routines  are  implemented  in  this  system.  They  are 
the  contouring  routine,  the  two-dimensional(2-D)  and  3-D  spiral  pocketing  routines, 

and  the  2-D  and  3-D  zigzag  pocketing  routines.  The  boundary  of  the  pocket  can  be 
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either  closed  or  half-open.  The  half-open  boundary  contains  segments  which  can  be 
crossed  by  the  tool.  The  generated  tool  path  is  comprised  of  offsets  from  the 
boundary  specified  by  the  user.  The  offsets  are  determined  by  using  a newly 
developed  offset  computation  method  which  allows  different  offset  distances,  does 
not  create  circular  motions  around  external  corners,  and  can  be  applied  to  half-open 
pocket. 

The  postprocessing  routines  produce  the  numerically-controlled(NC)  program 
for  the  machining  task  based  on  the  generated  tool  path.  The  ramping  strategy 
adopted  in  these  routines  avoids  the  build-up-edge  problem  due  to  plunging  and 
minimizes  the  times  to  move  the  tool  through  the  clearance  plane.  These  routines 
allow  the  user  to  specify  different  feedrates  for  linear  and  circular  motions. 

The  verification  routine  checks  the  format  and  feedrates  of  the  existing  NC 
program  and  displays  the  commanded  tool  motions  on  the  screen  so  that  the  tool 
path  can  be  visually  examined.  This  routine  is  developed  to  save  time  from  verifying 
NC  programs  by  running  the  machine  in  air. 

This  system  has  produced  four  different  aircraft  structures  satisfactorily. 
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CHAPTER  1 
INTRODUCTION 


Many  molds  or  mechanical  parts  used  today  are  produced  from  a billet  or 
forging  by  numerically-controlled(NC)  machining.  As  the  design  of  the  mechanical 
parts  becomes  more  and  more  sophisticated,  the  tool  path  for  the  machining  becomes 
more  and  more  complicated.  Computer-aided  manufacturing(CAM)  packages  are 
used  to  facilitate  the  preparation  work  through  calculating  the  tool  path  and 
converting  the  calculated  tool  path  into  the  NC  program  which  is  a series  of  tool 
motion  commands  acceptable  to  the  machine  controller.  The  NC  program  can  then 
be  loaded  into  the  machine  controller  to  perform  the  machining  operation.  A well- 
designed  CAM  package  will  generate  a simpler  tool  path  and  minimize  the  time 
during  which  the  tool  is  moving  in  air  so  that  the  total  machining  time  can  be 
reduced.  The  currently  available  commercial  CAM  system  are  mostly  designed  for 
the  manufacturing  of  molds  and  are  focused  on  the  finish  machining  of  surfaces. 
They  are  not  as  suitable  for  the  machining,  especially  the  high-speed  machining,  of 
aircraft  parts.  This  research  illustrated  the  development  of  a CAM  system  based  on 
a personal  computer(PC)  platform.  This  system  has  several  two-dimensional(2-D) 
and  three-dimensional(3-D)  machining  routines  developed  based  on  new  tool  path 
generation  schemes  suitable  for  high-speed  machining  of  aircraft  structures. 
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A general  introduction  of  this  research  is  presented  in  this  chapter.  In  the 
first  section,  the  features  of  aircraft  structures  and  the  difficulties  faced  in  developing 
the  tool  path  when  using  the  commercial  CAM  package  are  discussed.  The  literature 
related  to  this  research  is  reviewed  in  the  second  section.  In  the  third  section,  the 
objectives  of  this  research  are  described.  In  the  final  section,  the  outline  of  this 
research  is  stated. 


1.1  Milling  of  Aircraft  Structures 

In  order  to  have  a minimum  weight,  mechanical  parts  used  in  aircraft  usually 
are  thin-walled  structures.  Figure  1-la  shows  a typical  part.  Traditionally,  this  type 
of  part  is  made  from  assembling  detail  parts  which  are  fabricated  from  sheet  metal. 
All  detail  parts  are  first  routed  to  have  proper  flat  pattern  configurations.  Each 
routed  part  is  formed  or  folded  using  a hydraulic  press  with  proper  forming  or 
folding  tools.  After  being  checked  for  profile  correctness,  the  folded  parts  are  heat 
treated  to  develop  proper  strength,  immersed  in  various  solutions  for  cleaning  and 
coating,  and  painted.  The  detail  parts  are  then  drilled  and  fastened  together  to  make 
the  whole  part.  After  the  final  painting,  the  part  is  ready  to  be  installed  to  the 
aircraft.  Obviously  producing  parts  in  this  way  is  laborious  and  requires  a huge 
amount  of  production  time.  Today,  with  the  use  of  the  design  for  manufacturing  and 
assembly(DFMA)  process  in  conjunction  with  high-speed  machining  technology,  the 
costs  for  the  production  of  aircraft  parts  have  been  reduced  drastically.  With  the 
new  method,  milling  is  used  as  much  as  possible  in  producing  the  main  frame  of  the 
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part.  And  only  the  portions  which  cannot  be  manufactured  by  milling  are  fabricated 
and  assembled  using  the  traditional  method.  Even  the  part  shown  in  Figure  1-la  is 
produced  entirely  from  milling  a solid  aluminum  block. 


Figure  1-1  An  aircraft  structure 

(a)  Original  design  (b)  Modified  for  three-axis  machining 


Because  of  the  inclined  walls,  the  machining  of  the  part  shown  in  Figure  1-la 
requires  a five-axis  machine.  If  the  part  is  modified  to  have  all  vertically  straight 
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walls  as  shown  in  Figure  1-lb,  it  can  be  produced  by  a three-axis  machine.  The 
geometry  of  the  part  is  quite  complicated,  and  it  needs  to  be  machined  region  by 
region.  In  order  to  have  a minimum  machining  time,  the  tool  for  the  machining  of 
each  region  is  selected  to  have  the  largest  acceptable  tool  diameter.  Therefore 
several  tool  changes  are  needed  during  the  machining.  The  NC  programs  for  the 
machining  of  the  regions  are  usually  generated  using  a CAM  package.  The  shape 
of  the  regions  to  be  machined  are  selected  depending  on  the  functionality  of  the 
package.  A package  with  a stronger  machining  capability  allows  the  part  to  be 
divided  into  more  complex  regions,  produces  fewer  divided  regions,  and  simplifies 
the  preparation  work.  Also,  as  stated  earlier,  a well-designed  package  minimizes  the 
tool  motion  in  the  air  to  reduce  the  machining  time. 

Besides  accuracy  of  shape  and  minimization  of  machining  time,  another 
important  objective  for  the  machining  of  aircraft  parts  is  that  the  machined  surface 
of  the  thin  walls  must  be  smooth  enough  to  avoid  stress  concentration.  Roughness 
or  waviness  of  a machined  surface  is  usually  caused  by  chatter[l],  a self-excited 
vibration.  Chatter  can  be  avoided  by  using  an  axial  depth  of  cut  less  than  the  critical 
one  dictated  by  the  machine  dynamics  and  spindle  speed.  However,  a smaller  depth 
of  cut  decreases  the  metal  removal  rate  and  thus  increases  machining  time. 
Achieving  the  optimal  metal  removal  rate  by  finding  the  maximum  depth  of  cut  is 
essential  for  efficient  machining  of  high-quality  aircraft  parts. 

Based  on  the  previous  description,  the  general  procedure  for  the  machining 
of  aircraft  parts  can  be  divided  into  the  following  steps: 
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1.  Divide  the  whole  part  into  several  regions  to  be  machined  independently  according 
to  the  dimensions  of  the  part,  the  machining  functions  of  the  manufacturing 
package,  and  the  machining  strategy. 

2.  Determine  the  tools  required  to  accomplish  the  machining  task  planned  in  step  1. 
The  specifications  of  a tool  include  the  minimum  length  required,  the  tool  radius, 
and  the  dimension  of  the  tool  tip  (square  end,  bull  nose,  or  ball  nose,  and  the  fillet 
radius). 

3.  Determine  the  depth  of  cut  for  each  tool. 

4.  Prepare  all  of  the  NC  programs  for  each  tool  and  each  region  with  the 
corresponding  depth  of  cut. 

5.  Machine  the  part  region  by  region  in  the  correct  order. 

In  the  above  procedure,  the  CAM  package  as  well  as  the  depth  of  cut  are  the  two 
elements  which  most  influence  the  quality  of  the  machined  part  and  the  machining 
time.  These  two  elements  represent  two  significant  aspects  (machine  dynamics  and 
programming  strategy)  which  can  be  investigated  to  improve  the  machining  process. 

As  stated  earlier,  a high  quality  machined  part  can  be  achieved  by  using  a 
small  depth  of  cut.  But  a small  depth  of  cut  causes  a low  metal  removal  rate(MRR) 
and  long  machining  time.  The  Machine  Tool  Research  Center(MTRC)  at  the 
University  of  Florida  and  the  Manufacturing  Laboratories,  Inc.(MLI)  have  developed 
a Chatter  Recognition  and  Control(CRAC)  system[2-4]  which  detects  the  occurrence 
of  chatter  during  machining.  The  CRAC  system  is  used  in  conjunction  with  several 
NC  programs  to  perform  a cutting  test  which  finds  the  best  spindle  speed  and  depth 
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of  cut  for  chatter-free  machining  through  a search  process  which  begins  from  the 
maximum  allowable  spindle  speed  with  a given  axial  depth  of  cut.  The  output  of  the 
cutting  test  provides  an  optimal  MRR  which  ensures  part  quality  with  minimum 
machining  time  from  the  machine  dynamics  aspect. 

The  aspect  of  achieving  time-saving  and  quality  machining  through  NC  part 
programming  strategy  has  also  been  explored  in  the  MTRC  (see  [5-8]).  The  results 
of  that  research  include  new  NC  programming  strategies,  a pocketing  routine  utilizing 
the  new  strategies,  and  a verification  system  for  NC  programming.  The  past  research 
focused  on  2-D  machining.  Although  2-D  pocketing  routines  can  be  used  to  create 
the  tool  path  for  machining  3-D  pockets  by  including  a lot  of  manual  work,  it  will 
become  a very  tedious  task.  For  example,  if  a pocket  needs  to  be  machined  in  five 
levels  with  the  adopted  depth  of  cut  (see  Figure  1-2),  the  boundaries  for  these  levels 
need  to  be  calculated  and  constructed  manually,  and  the  tool  path  is  generated  for 
each  boundary.  Furthermore,  if  for  any  reason  the  depth  of  cut  has  to  be  changed, 
the  number  of  levels  for  the  machining  will  be  changed  also,  and  the  boundaries  for 
the  levels  need  to  be  re-constructed.  Obviously,  this  type  of  work  is  not  only  very 
time-consuming,  but  also  the  possibility  of  making  mistakes  during  this  laborious 
work  is  quite  high. 

The  currently  available  commercial  CAM  packages,  especially  the  PC-based 
ones  such  as  SmartCam,  Expedite  3-D  and  SURFCAM,  have  no  3-D  pocketing 
routines,  although  some  of  them  possess  functions  to  finish  several  types  of  curved 
surfaces  and  simple  zigzag  roughing  capabilities  to  approximately  rough  the  region 
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bounded  by  surfaces.  Using  these  packages  for  the  machining  of  a general  3-D 
region  requires  the  construction  of  a curved  surface  to  approximate  the  region,  after 
which  the  tool  path  for  roughing  the  region  bounded  by  the  surface  can  be  generated. 
However,  not  every  region  can  be  machined  using  an  approximate  surface  and  not 
every  region  is  suitable  for  zigzag  machining.  For  example,  a region  with  a boundary 
narrower  at  the  top  than  at  the  bottom  cannot  be  machined  using  surfaces,  and 
zigzag  machining  will  leave  unmachined  scallops  on  the  side  walls  at  the  end  of  the 
machining  direction  thus  may  require  further  machining.  Additionally,  constructing 
surfaces  is  quite  time-consuming. 


Figure  1-2  A 3-D  pocket  to  be  machined  in  five  levels  (side  view) 

With  the  emergence  of  high-speed  spindles,  the  feedrate  for  machining  has 
been  drastically  increased.  Usually,  the  feedrate  used  for  high-speed  machining  is 
hundreds  of  inches  per  minute.  Using  a high-speed  spindle  for  machining  with  high 
feedrates  can  increase  the  MRR  and  thus  reduce  the  machining  time.  However,  in 
high-feedrate  machining  the  machine  has  a problem  with  circular  tool  paths  which 
is  not  encountered  in  low-feedrate  machining.  If  the  radius  of  the  circular  path  is 
small,  the  actual  tool  motion  will  not  precisely  follow  the  motion  command.  Instead, 
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the  tool  will  move  in  a nearly-linear  fashion  due  to  insufficient  time  for  acceleration. 
If  the  circular  motion  is  at  the  boundary  of  the  pocket,  this  error  will  be  significant. 
Unfortunately,  the  tool  path  generated  by  commercial  packages  at  the  external 
corners  of  the  boundary  is  circular(see  Figure  l-3a).  When  using  a low  feedrate 
(tens  of  inches  per  minute)  during  the  circular  motion,  the  tool  can  follow  the 
command.  However,  using  such  a low  feedrate  will  increase  the  machining  time 
significantly.  If  the  tool  path  can  be  modified  as  shown  in  Figure  l-3b,  not  only  can 
the  high  feedrate  be  used,  but  also  an  acceleration  and  deceleration  procedure  for 
the  transition  from  one  motion  to  the  next  one  is  eliminated  (the  tool  path  in  Figure 
l-3a  contains  two  transition  points,  but  Figure  l-3b  contains  only  one).  If  the 
boundary  segment  itself  is  circular  as  shown  in  Figure  1-4,  the  tool  path  then  must 
be  a circular  motion.  In  this  case  a low  feedrate  must  be  used  for  the  circular 
motion.  None  of  the  commercial  packages  produce  NC  programs  with  different 
feedrates  for  linear  and  circular  motions. 

Although  some  of  the  two-and-a-half-dimensional(2^/2-D)  pockets  can  be 
machined  using  the  commercial  packages,  there  are  two  disadvantages  in  using  those 
packages  because  of  the  post-processing.  A 2V2'D  pocket  is  machined  level  by  level 
from  the  top  of  the  pocket  to  the  bottom  of  the  pocket  and  the  tool  path  for  each 
level  is  the  same.  The  post-processors  of  the  commercial  packages  process  the  tool 
motion  from  the  level  just  machined  to  the  next  level  by  retracting  the  tool  to  the 
clearance  plane,  moving  the  tool  on  the  plane  to  the  position  directly  above  the 
starting  point  of  the  tool  path,  and  then  advancing  the  tool  to  the  level  to  be 
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machined.  For  a machine  with  a vertical  spindle  (used  for  the  experiment  of  this 
research),  the  heavy  spindle  moves  with  the  tool  vertically,  and  the  vertical  motion 
must  have  a low  feedrate.  Moving  up  and  down  for  every  layer  will  waste  a large 
amount  of  time  and  is  not  preferable.  Furthermore,  this  method  causes  the  tool  to 
plunge  into  the  uncut  area.  The  plunging  of  the  tool  into  the  workpiece  can  cause 
serious  chip  clearance  problems. 


Figure  1-3  Tool  path  around  the  external  corner 

(a)  With  circular  motion  (b)  Without  circular  motion 


boundary  tool  path 


Figure  1-4  Circular  tool  motion  along  the  circular  boundary 
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1.2  Literature  Review 

This  research  shows  the  development  of  new  algorithms  and  mathematical 
approaches  to  solve  the  problems  described  in  the  previous  section,  and  shows  the 
development  of  a CAM  system  which  can  be  used  to  machine  such  parts  based  on 
the  new  approaches.  Because  the  wireframe  representation  of  most  aircraft 
structures  is  composed  of  a composition  of  lines  and  arcs,  this  research  is  focused  on 
techniques  for  the  machining  of  this  type  of  regions  only. 

There  are  many  CAD/CAM  packages  currently  on  the  market,  but  none  of 
their  build-up  techniques  are  readily  available.  This  is  also  true  with  regard  to  the 
programming  and  computation  techniques  for  the  3-D  pocketing  routines,  although 
there  are  several  papers  mentioning  2-D  pocketing  and  3-D  surface  finishing.  Most 
of  the  published  CAD/CAM  system  related  research  deals  with  offset  calculation  (in 
tool  path  generation)  for  splines.  That  research  is  not  directly  related  to  this  study 
and  is  only  covered  here  very  briefly  (some  of  them  are  listed  in  References  9-13  for 
information).  The  literature  reviewed  in  the  following  section  relates  to  tool  path 
generation  for  2-D  pocketing. 

Two  basic  machining  strategies  for  pocketing  were  found  in  the  literature 
studied:  contour-parallel  and  direction-parallel.  The  contour-parallel  strategy  uses 
offset  segments  (from  the  boundary  segments)  as  tool  path  segments.  The  pocket  is 
machined  spirally  by  driving  the  tool  along  the  offset  curves.  Contour-parallel 
machining  is  also  known  as  spiral  machining.  There  are  two  types  of  spiral 
machining:  spiral-in  and  spiral-out.  In  spiral-in  machining,  the  tool  is  moved  from 
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the  boundary  spirally  toward  the  pocket  center.  On  the  other  hand,  in  spiral-out 
machining  the  tool  is  moved  from  the  iimermost  position  toward  the  boundary.  With 
direction-parallel  machining,  the  tool  is  moved  along  linear  segments  which  are 
parallel  to  a reference  line  selected  initially.  Based  on  this  strategy,  the  tool  can  be 
moved  either  all  in  the  same  direction  or  in  alternately  reversed  directions  at  the 
time  of  cutting.  The  former  scheme  is  also  known  as  linear  machining  and  the  latter 
one  is  zigzag  machining.  In  linear  machining,  the  tool  is  retracted  and  moved  from 
the  ending  point  of  one  pass  to  the  starting  point  of  the  next  pass  through  the  air. 


Figure  1-5  Procedure  of  determining  offset  loops 

The  most  demanding  tasks  in  the  generation  of  a spiral  tool  path  is  the 
repeated  computation  of  the  boundary  offsets.  The  literature  on  spiral  pocketing 
algorithms  can  be  roughly  divided  into  two  different  techniques  in  iSnding  the 
successive  offsets:  direct  and  indirect.  With  the  direct  method,  also  called  the 
conventional  method,  the  offsets  are  calculated  directly  by  shrinking  from  the  pocket 
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boundary  in  a successive  stepwise  fashion.  As  shown  in  Figure  1-5,  the  general 
procedure  of  obtaining  the  shrunk  loop  from  the  current  one  with  this  method  is: 

1.  Generate  the  raw  offset  of  each  segment  in  the  current  loop. 

2.  Insert  lines  or  arcs  between  consecutive  raw  offset  segments. 

3.  Determine  all  intersections,  break  and  connect  the  offset  segments  at  intersections 
and  then  discard  all  unnecessary  segments. 

This  method  takes  a long  time  because  after  computing  all  of  the  offsets,  all 
intersections  need  to  be  determined  and  then  the  offset  segments  need  to  be  checked 
and  cleared.  The  direct  method  can  be  easily  modified  to  allow  segments  to  have 
different  offset  distances.  But  as  can  be  seen  from  Figure  1-5,  the  tool  path 
generated  by  this  method  will  have  a circular  motion  around  the  external  corner  of 
the  boundary.  This  type  of  tool  path  is  not  preferable  for  high-speed  milling  because 
the  feedrate  for  the  circular  motion  must  be  low  and  thus  will  cause  longer 
machining  time.  Additionally  this  method  cannot  be  used  for  the  pocketing  of  half- 
open boundaries,  which  allow  some  of  the  boundary  segments  to  be  crossed  by  the 
tool(see  Figure  1-6).  Regions  with  half-open  boundaries  are  widely  encountered 
when  machining  parts  like  those  shown  in  Figure  1-1. 

Suh  and  Lee  [14]  developed  a pocketing  routine  which  is  capable  of  machining 
pockets  with  one  island  inside  and  with  curved  bottom  surfaces.  In  their  routine,  the 
pocket  is  modeled  using  a 3-D  nonuniform  rational  B-spline-based  boundary  modeler 
developed  in  their  laboratory.  The  offset  curves  and  the  associated  cutter  location 
data  are  computed  from  the  model.  The  generated  tool  path  is  for  the  finishing  cut 
of  the  pocket  which  emphasizes  the  precision  and  continuity  of  the  tool  movements. 
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(a)  (b) 

boundary  tool  path  

Figure  1-6  Spiral  tool  path  of  a pocket 

(a)  Closed  boundary  (b)  Half-open  boundary 

Hansen  and  Arbab[15]  presented  an  algorithm,  modified  from  the 
conventional  method,  for  offsetting  planar  boundaries  representing  arbitrary 
pockets  made  up  of  lines  and  arcs.  This  algorithm  is  used  as  the  basis  of  a spiral 
pocketing  routine,  and  a zigzag  pocketing  routine  is  presented  in  the  same  paper. 
Both  routines  are  able  to  produce  the  tool  path  for  removing  material  in  pockets 
with  arbitrary  shapes  and  arbitrary  islands.  They  introduced  the  notion  of 
interference  indices,  which  is  used  in  their  algorithm  to  replace  the  more  time- 
consuming  two-dimensional  Boolean  operations,  or  distance  calculation,  used  in  other 
known  algorithms  to  detect  and  delete  undesirable  sections  of  the  raw  offsets.  The 
use  of  interference  indices  also  solves  certain  problems  (e.g.  cannot  make  the  correct 
decision  about  unnecessary  or  interfering  offset  chains)  in  some  existing  algorithms. 
These  problems  arise  from  the  use  of  strictly  local  methods  for  the  identification  of 
unacceptable  sections  of  an  offset.  However,  the  tool  path  generated  by  their  spiral 
routine  does  not  produce  a perfect  contour  path  around  the  islands,  leaving  some 


accessible  areas  uncut. 
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Cheng[7]  developed  a pocketing  routine  for  quality  machining  of 
pockets  with  multiple  islands  using  an  algorithm  modified  from  the  direct  method. 
The  quality  criterion  used  in  his  routine  is  the  avoidance  of  chatter.  After  the  pocket 
boundary  is  specified,  this  routine  initiates  an  optimization  process  which  determines 
the  optimal  radial  and  axial  depths  of  cut  in  order  to  minimize  the  machining  time. 
The  optimization  process  utilizes  a database  of  permissible  radial  and  axial  depths 
of  cut  obtained  either  through  simulation  based  on  the  dynamic  information  about 
the  tool,  or  through  cutting  tests.  The  algorithm  for  offsetting  loops  in  his  routine 
allows  the  boundary  segments  to  have  unequal  offset  distances  so  that  the  optimal 
radial  immersions  can  be  applied  in  their  respective  directions.  The  machining 
strategy  of  this  routine  is  very  different  from  other  existing  ones.  It  starts  with  a 
slotting  cut  along  the  peripheries  of  the  boundary  and  islands  using  the  permissible 
depth  of  cut  for  slotting  to  the  whole  depth  of  pocket.  After  this  slotting,  the 
machining  is  undertaken  by  using  the  optimal  axial  and  radial  depths  of  cut  in  the 
corresponding  directions  obtained  from  the  optimization  procedure  to  complete  the 
pocket. 

Because  the  direct  method  is  time-consuming,  it  is  not  preferable  to  some 
researchers.  Persson[16]  appears  to  be  the  first  person  to  use  the  other  approach, 
the  indirect  method,  and  he  described  all  the  details  of  this  method.  With  the 
indirect  method,  the  tool  path  is  generated  in  two  independent  stages.  In  the  first 
stage,  the  whole  area  of  the  pocket  is  partitioned  into  several  subareas  by  calculating 
the  curves  equidistant  from  each  pair  of  adjacent  segments  of  the  boundary.  The 
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diagram  of  the  curves  indicating  the  common  boundary  of  these  subareas  is  called 
a Voronoi  diagram[17].  Every  point  in  such  a subarea  has  its  owner  side  as  the 
nearest  boundary  side.  This  guarantees  that  only  the  owner  side  will  influence  the 
cutter  path  in  its  subarea  because  all  other  pocket  sides  are  more  distant.  In  the 
second  stage,  the  output  of  the  first  stage  (Voronoi  diagram)  is  used  to  determine  the 
tool  path  spirally  from  the  innermost  point  in  the  diagram  spirally  toward  the 
boundary.  The  tool  path  is  generated  by  working  with  one  subarea  at  a time,  and  the 
tool  path  segments  in  each  subarea  are  all  parallel  to  their  owner  side. 


Voronoi  diagram  ^ool  Path 

Figure  1-7  Tool  path  generated  with  Voronoi  diagram 


Figure  1-7  shows  a pocket  boundary  with  the  Voronoi  diagram  and  tool  path 
generated  by  using  this  method.  Since  there  is  no  intersection  checking  or  offset 
trimming  and  removing,  this  method  requires  less  time  than  the  conventional  method, 
but  this  method  can  be  applied  only  when  all  segments  have  the  same  offset  distance 
owing  to  the  fact  that  the  curves  partitioning  the  subareas  are  equidistant  to  their 
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corresponding  adjacent  boundary  segments.  It  can  be  seen  in  Figure  1-7  that,  as  with 
the  direct  method,  this  method  also  creates  a circular  motion  around  the  external 
corner  of  the  boundary.  In  addition,  this  method  carmot  be  used  for  pocketing  half- 
open boundaries. 

Held[18]  also  uses  the  Voronoi  diagram  technique  in  the  pocketing  package 
GeoPocket.  The  package  is  able  to  handle  any  number  of  multiply-coimected  pocket 
areas  defined  by  straight  lines  and  circular  arcs,  and  which  use  two  different-sized 
tools.  Recently  Held,  Lukdcs  and  Andor[19]  introduced  the  concept  of  the  proximity 
map  of  a planar  pocket.  The  notion  is  based  on  the  Voronoi  diagram  of  the 
boundary  of  the  pocket.  The  proximity  map  reflects  the  distance  relations  inside  the 
area  of  the  pocket,  and,  in  this  way,  simplifies  most  of  the  computations  relating  to 
offsets  and  parameters  required  in  contour-parallel  milling  operations.  They  indicate 
in  the  paper  that  the  concept  of  proximity  can  be  used  to  optimize  tool  paths  with 
diverse  objectives,  but  not  all  the  possible  optimizations  had  been  implemented. 

1.3  Objectives  of  Investigation 

The  machining  of  aircraft  structures  is  a task  which  needs  an  enormous 
amount  of  time  in  not  only  machining  but  also  the  preparation  work.  The  machining 
of  the  part  shown  in  Figure  1-1  may  take  several  hours,  while  the  preparation  work 
(preparing  the  NC  programs)  takes  many  more  hours  of  experienced  NC 
programmers.  The  goal  of  this  research  is  to  develop  a CAM  system  which  is 
suitable  for  high-speed  machining  of  aircraft  structures  so  that  not  only  can  the 
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preparation  work  be  simplified  but  also  the  machining  time  can  be  reduced.  Based 

on  the  description  in  the  previous  sections,  there  were  several  objectives  to  be 
achieved  in  this  research. 

The  first  objective  was  to  develop  machining  routines  for  3-D  pockets  with 
either  closed  or  half-open  boundary.  With  regard  to  the  machining  of  aircraft 
structures  such  as  the  one  shown  in  Figure  1-1,  some  of  the  regions  to  be  machined 
have  a narrower  boundary  at  the  top  and  a wider  boundary  at  the  bottom  (for 
example,  the  regions  between  the  high  ears),  the  ability  to  machine  this  type  of 
region  is  also  desired.  Since  none  of  the  currently  available  commercial  packages 
provide  3-D  pocketing  routines,  and  no  literature  describes  the  techniques  for  the 
development  of  3-D  machining  routines,  this  CAM  system  is  an  original  development. 

The  second  objective  was  to  develop  new  algorithms  for  tool  path  generation. 
New  computational  approaches  were  developed  for  the  new  algorithm  as  well.  This 
research  developed  a new  algorithm  for  tool  path  generation  which  allows  different 
offset  distances,  eliminates  the  circular  motion  around  external  corners,  and  can  be 
used  for  half-open  boundary  pocketing. 

This  research  also  attempts  to  find  a new  tactics  to  replace  plunging  as  the 
method  for  advancing  the  tool  into  the  uncut  region  of  workpiece.  The  new  tactics 
will  be  adopted  in  the  post-processor  developed  for  this  system.  The  post-processor 
will  also  minimize  the  number  of  tool  motions  required  to  move  the  tool  up  and 
down  between  the  workpiece  and  the  clearance  plane  to  minimize  the  time  wasted 
in  moving  the  tool  in  air. 
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Additionally,  to  save  time  from  verifying  the  NC  programs  by  running  the  tool 
in  air,  this  work  also  attempts  to  develop  a routine  to  check  existing  NC  programs 
and  display  the  commanded  tool  motions  on  screen  so  that  the  user  can  make  the 
necessary  corrections  before  sending  the  NC  programs  to  the  machine. 

The  ultimate  goal  of  this  research  was  to  develop  a new  CAM  system 
consolidating  the  new  techniques  and  tactics.  Because  the  IBM  PC  platform  (and 
compatible)  is  becoming  more  and  more  powerful,  inexpensive,  and  popular,  the 
system  was  developed  for  that  platform.  The  CAM  system  includes  a self-sustained 
design  module  so  that  the  geometric  objects  to  be  machined  can  be  constructed  in 
the  system.  Also  a working  environment  was  built  to  allow  the  user  to  interact  with 
the  system.  Although  many  CAD/CAM  systems  have  been  developed  and  are 
already  on  the  market,  none  of  their  build-up  techniques  were  available.  This 
research  had  to  develop  the  techniques  for  building  the  whole  CAM  system,  even 
though  these  techniques  are  not  the  main  concern  of  this  research. 

1.4  Outline  of  This  Study 

A new  simple  CAM  system  including  the  working  environment,  the  design 
module,  and  five  tool  path  calculation  routines  has  been  implemented  based  on  the 
techniques  developed  in  this  research.  The  working  environment  for  the  user  to 
operate  the  system  was  developed  first.  Then  a design  module  which  allows  the  user 
to  create  general  3-D  lines  and  arcs  in  space  was  implemented.  The  tool  path 
calculation  routines,  which  use  the  geometric  data  of  the  to-be-machined  region 
constructed  in  the  design  module  as  the  input,  were  developed  thereafter. 
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The  working  environment  can  show  geometric  objects  constructed  in  the 
design  module  as  well  as  the  tool  path  generated  in  the  manufacturing  module.  All 
of  the  commands  (or  functions)  in  this  system  are  grouped  into  nine  menus,  and  they 
are  linked  by  a menu  tree.  The  menu  of  the  currently  available  commands  is  also 
listed  in  the  environment  and  can  be  activated  by  the  user.  The  system  will  prompt 
the  user  for  necessary  data  or  describe  the  status  of  the  system. 

The  presented  design  module  is  able  to  create  lines  and  arcs  at  any 
orientation  in  space  under  the  instruction  of  the  user.  Also  the  design  module  allows 
the  user  to  trim,  extend,  copy  or  move  created  lines  and  arcs.  The  wireframe  of  the 
geometric  object  composed  of  lines  and  arcs  can  be  constructed  in  this  system  and 
can  be  viewed  from  any  direction  in  space.  The  image  of  the  object  can  be  scaled 
to  any  size  in  a reasonable  range.  The  created  objects  (lines  and  arcs)  can  be  saved 
to  a file  so  that  they  can  be  retrieved  later. 

The  tool  path  generation  functions  developed  includes  the  functions  for  the 
contouring  along  a profile,  for  the  spiral  machining  of  pockets,  and  for  the  zigzag 
machining  of  pockets.  The  input  of  the  these  function  is  the  wireframe  describing 
the  profile  or  pocket  constructed  in  the  design  module.  The  output  of  these 
functions  is  the  tool  path  for  the  machining  of  the  given  profile  or  pocket.  The 
pocket  can  be  either  2^/2-D  or  3-D.  A 3-D  pocket  is  a pocket  contains  at  least  a 
curved  wall  in  the  third  dimension,  whereas  the  walls  of  a 2^/2-D  pocket  are  all 
vertically  straight.  The  shape  of  the  wall  in  a 3-D  pocket  is  specified  by  a set  of  lines 
and  arcs  constructed  in  the  design  module.  Both  the  2V2-D  and  3-D  pocket  can  be 
either  closed  or  half-open. 
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The  pockets  are  machined  in  a level  by  level  fashion  from  the  top  z level 
down  to  the  bottom  z level  specified  by  the  user.  For  the  2^/2-D  pocket,  since  all 
walls  are  vertically  straight,  the  tool  path  is  generated  independently  of  z (on  the  x-y 
plane).  The  generated  tool  path  is  repeated  at  each  level  with  the  correct  z value. 
For  the  3-D  pocket,  the  tool  path  is  different  at  each  level,  and  it  is  generated  at 
each  level. 

The  tool  path  is  generated  by  using  the  newly  developed  algorithms.  Although 
the  new  algorithms  look  similar  to  the  direct  method  introduced  in  section  1.2,  the 
tactics  and  the  computational  approach  are  quite  different.  The  new  algorithms 
allow  different  offset  distances,  can  be  used  for  half-open  pocket  boundary,  and  will 
not  create  a circular  motion  around  the  external  corner.  These  new  algorithms  also 
reduce  the  long  calculation  time  inherent  in  the  conventional  method  by  eliminating 
the  procedure  to  insert  lines  or  arcs  between  consecutive  raw  offsets  as  well  as  the 
procedure  to  check  and  discard  the  unnecessary  loops  that  result  from  the  insertion 
when  calculating  the  spiral  tool  path.  The  new  computational  approach  is  applied 
to  the  calculation  of  the  zigzag  tool  path  as  well.  The  zigzag  tool  path  is  generated 
so  that  the  first  and  last  segments  pass  through  the  boundary  whenever  allowable  to 
avoid  plunging. 

The  generated  tool  path  must  be  processed  to  become  an  NC  program  in 
order  to  be  accepted  by  the  machine  controller  for  executing  the  machining  task. 
Postprocessing  routines  are  implemented  in  the  system  to  generate  NC  programs 
based  on  the  generated  tool  paths.  New  postprocessing  strategies  are  adopted  in 
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these  routines  to  avoid  the  build-up-edge(BUE)  problem  and  minimize  the  number 
of  times  to  move  the  tool  up  and  down  through  the  clearance  plane.  This  system 
also  includes  a verification  routine  which  checks  the  format  and  feedrates  of  the 
existing  NC  program  and  displays  the  commanded  tool  motions  on  the  screen. 

Turbo  C + + is  adopted  as  the  programming  language  since  it  allows  Object- 
Oriented  Programming(OOP).  Additionally,  the  C language  can  facilitate  the 
implementation  of  the  complicated  data  structure  used  in  this  system.  The  Borland 
Graphics  Interface(BGI)  is  the  graphics  toolkit  used  for  creating  3-D  graphics  on  the 
PC.  All  the  memory  space  needed  to  store  the  data  of  the  created  geometry  or  tool 
path  is  allocated  dynamically  when  needed. 

The  details  of  the  implementation  concerning  the  above  description  are 
discussed  in  the  following  chapters.  In  Chapter  2,  the  general  background 
information  (3-D  computer  graphics,  coordinate  systems  and  transformation,  and  data 
structures)  is  discussed.  The  techniques  developed  based  on  this  knowledge  are  used 
widely  in  every  module  of  the  system. 

Chapter  3 gives  an  overview  of  the  whole  system.  The  system  interacts  with 
the  user  through  the  working  environment  which  accepts  the  instructions  from  the 
keyboard  and  mouse.  In  this  chapter,  the  scheme  of  interaction  and  the  commands 
that  drive  the  functional  routines  in  this  system  are  introduced.  The  elementary 
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geometric  entities,  line  and  arc,  are  introduced  along  with  the  structures  for  the 
storage  of  their  data. 
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The  design  module  of  the  system  is  discussed  in  Chapter  4.  All  of  the 
geometric  entity  creation  functions  and  the  scheme  used  to  store  the  created  entities 
in  the  memory  are  presented.  Also  the  view  functions  which  give  the  different  views 
of  the  constructed  objects  are  introduced.  At  the  end  of  this  chapter,  miscellaneous 
functions(file  handling  functions,  analysis  functions  and  setting  functions)  are 
discussed. 

In  Chapter  5,  the  algorithm  and  implementation  of  the  three  machining 
schemes  (contouring,  spiral  pocketing  and  zigzag  pocketing)  are  discussed.  The 
structures  of  the  2-D  lines  and  arcs  used  in  the  calculation  of  the  tool  path  are 
presented  first.  The  computational  geometry  concerning  the  tool  path  calculation  of 
these  three  schemes  is  the  same,  and  it  is  discussed  thereafter.  Finally,  the  strategy 

and  algorithm  for  the  tool  path  generation  of  these  three  schemes  is  described 
individually. 

The  postprocessing  strategies  and  implementation  of  the  NC  program 
verification  routine  are  described  in  Chapter  6.  The  three  types  of  tool  path  are 
postprocessed  by  different  routines  with  different  strategies,  which  are  discussed 
separately  in  the  first  section.  In  the  second  section,  the  implementation  of  the 
verification  routine  is  described. 

In  Chapter  7,  the  results  and  applications  of  this  system  are  summarized. 
Several  tool  paths  generated  by  this  system  are  displayed  with  the  corresponding  tool 
paths  generated  by  another  package  for  comparison.  After  the  comparison,  the 
pictures  of  the  aircraft  structures  produced  by  using  this  system  are  also  presented 
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with  a brief  discussion  of  the  application  of  this  system  in  the  machining.  Chapter 
8 presents  the  conclusion  and  the  possible  future  extensions  of  this  research. 


CHAPTER  2 

GENERAL  BACKGROUND  INFORMATION 


Developing  a CAM  system  is  a computer  programming  effort  which  integrates 
a variety  of  knowledge.  As  stated  in  the  first  chapter,  a user  working  environment 
needs  to  be  implemented  first.  A self-sustained  design  module,  which  is  required  in 
an  independent  CAM  system,  is  also  needed  to  allow  the  user  to  construct  geometric 
objects  in  the  system.  TTien  the  functions  for  manufacturing  can  be  developed  based 
on  the  design  module.  In  the  building  of  the  whole  system,  several  techniques  which 
are  already  developed  are  used.  This  chapter  is  to  give  a brief  introduction  of  these 
techniques. 

Introduced  in  the  first  section  is  3-D  computer  graphics,  which  is  used  to 
display  the  images  such  as  the  constructed  object  and  the  generated  tool  path  on  the 
screen.  In  the  second  section,  the  description  of  coordinate  systems  and  coordinate 
transformation  between  them  are  discussed.  Several  different  coordinate  systems  and 
the  coordinate  transformation  between  these  systems  are  required  in  3-D  computer 
graphics.  Besides,  temporary  coordinate  systems  are  needed  during  the  process  of 
geometric  entity  creation  or  the  tool  path  calculation.  In  the  final  section,  several 
data  structures  for  the  storage  of  data  are  introduced.  The  created  entities  and  the 
generated  tool  path  need  to  be  stored  with  appropriate  data  structures  so  that  they 
can  be  traced  when  needed. 
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2.1  Three-Dimensional  Computer  Graphics 

The  monitor  of  an  IBM  PC  or  compatible  can  display  in  different  modes. 
Each  mode  provides  different  display  characteristics  such  as  the  resolution  and  the 
number  of  possible  colors.  Nineteen  different  modes  have  been  defined  for  the  IBM 
PC,  but  not  every  video  subsystem  (monitors  and  adaptor  boards)  supports  all  of  the 
modes.  Table  2-1  summarizes  the  characteristics  and  supporting  video  types  for  each 
mode.  Text  and  graphics  are  the  two  different  types  of  displaying  modes.  Only  text 
characters  can  be  displayed  in  text  modes.  Before  displaying  graphics  images  such 
as  pictures  or  drawings  on  screen,  the  monitor  must  be  set  to  a graphics  mode. 


Table  2-1  Standard  video  modes  and  supporting  video  types 


Mode 

Type 

Resolution 

Colors 

Supporting  video  types 

0,1 

Text 

40x25 

16 

CGA,EGA,MCGA,VGA 

2,3 

Text 

80x25 

16 

CGA,EGA,MCGA,VGA 

4,5 

Graphics 

320x200 

4 

CGA,EGA,MCGA,VGA 

6 

Graphics 

640x200 

2 

CGA,EGA,MCGA,VGA 

7 

Text 

80x25 

Mono 

MDA,EGA,VGA 

8,  9,  10 

(PCjr  only) 

11,  12 

(Used  internally  by  EGA  BIOS) 

13 

Graphics 

320x200 

16 

EGA,VGA 

14 

Graphics 

640x200 

16 

EGA,  VGA 

15 

Graphics 

640x350 

Mono 

EGA,VGA 

16 

Graphics 

640x350 

16 

EGA,  VGA 

17 

Graphics 

640x480 

2 

MCGA,VGA 

18 

Graphics 

640x480 

16 

VGA 

19 

Graphics 

320x200 

256 

MCGA,VGA 

In  a graphics  mode,  the  smallest  image  that  can  be  shown  on  a computer 
screen  is  a tiny  dot  called  a pixel.  Pixels  are  arranged  in  horizontal  rows  and  vertical 
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columns  on  the  screen,  as  shown  in  Figure  2-1.  The  number  of  pixels  used  on  the 
screen  is  called  the  resolution,  which  is  expressed  by  the  number  of  columns  and 
rows.  For  example,  mode  18  has  a resolution  of  640  columns  and  480  rows, 
abbreviated  640x480. 

The  screen  display  of  the  IBM  PC  monitor  is  a memory-mapped  display, 
which  means  each  address  in  the  display  memory  space  corresponds  to  a specific 
pixel  on  the  screen.  Pixels  on  the  screen  can  be  addressed  by  using  a 2-D  coordinate 
system  which  is  similar  to  addressing  rows  and  columns  in  a 2-D  array.  Usually  the 
top  left  pixel  of  the  screen  has  coordinates  (0,  0)  and  the  bottom  right  pixel  of  the 
screen  has  the  highest  coordinates.  This  coordinate  system  will  be  called  the  screen 
coordinate  system.  Figure  2-1  also  illustrates  how  pixels  are  referenced  by  screen 
coordinates. 


pixel(4,0) 


pixel(2,3) 


• • • • wm • 9 


• 


screen 


Figure  2-1  Pixel  addressing  on  the  computer  screen 


Geometrical  entities  are  described  in  a 3-D  cartesian  coordinate  system,  or 
world  coordinates,  in  which  the  dimension  of  objects  is  given  in  real  size.  In  order 
to  display  objects  on  the  screen,  the  world  coordinates  of  the  objects  are  mapped  into 


screen  coordinates. 


27 


An  intermediate  coordinate  system  called  the  ortho  coordinate  system 
is  created  for  the  transformation  from  world  coordinates  to  screen  coordinates.  The 
coordinates  in  the  world  coordinate  system  will  be  transformed  to  the  ortho 
coordinate  system  and  then  to  the  screen  coordinate  system.  The  ortho  coordinate 
system  is  also  a 3-D  Cartesian  coordinate  system  with  horizontal  x axis  and  vertical 
y axis.  The  origin  of  the  ortho  coordinate  system  is  placed  at  the  center  of  drawing 
area  on  the  computer  screen  and  the  extent  of  its  coordinates  is  selected  so  that  x=  1, 
x=-l,  y=l,  y=-l  are  at  the  right-side,  left-side,  top-side  and  bottom-side  bound  of  the 
drawing  area  respectively.  Figure  2-2  shows  the  drawing  area,  the  screen  coordinate 
system  and  the  ortho  coordinate  system.  Since  the  z axis  of  the  ortho  coordinate 
system  is  perpendicular  to  the  x-y  plane,  it  can  not  be  seen. 


X 


screen 


■ screen 


(Lx,Ty)acreen 


^ ortho 


^ ortho 

^ ortho 


Drawing  Area 


(Rx.By) 

Computer  Screen 


screen 


Figure  2-2  The  drawing  area,  screen  coordinate  system  and  ortho  coordinate  system 


Any  point  located  in  the  region  -l<x<l  and  -l<y<l  of  the  ortho  coordinate 
system  can  be  mapped  into  the  drawing  area  on  the  computer  screen.  If  (Lx,  Ty)  are 
the  screen  coordinates  of  the  top  left  corner  of  the  drawing  area  and  (Rx,  By)  is  the 
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right  bottom  corner  as  shown  in  Figure  2-2,  the  mapping  of  the  point  from 
coordinates  (x,  y,  z)  of  the  ortho  coordinate  system  to  coordinates  (Xsc,  Ysc)  of  the 
screen  coordinate  system  can  be  formulated  as: 


y (Rx-Lx)x+Rx+Lx 


(Ty-By)y->-Ty+By 

2 


Since  the  z axis  of  the  ortho  coordinate  system  is  perpendicular  to  the  computer 
screen,  the  z coordinate  takes  no  effect  in  the  mapping  and  thus  does  not  appear  in 
these  two  equations.  Another  mapping  operation,  the  transformation  from  world 
coordinates  to  ortho  coordinates,  will  be  discussed  in  the  next  section  after  the 
coordinate  transformation  is  introduced. 

2,2  Coordinate  Systems  and  Transformation 

The  coordinate  systems  used  in  this  research  are  all  Cartesian  coordinate 
systems.  A 3-D  Cartesian  coordinate  system  contains  three  mutually  perpendicular 
bases,  which  are  widely  known  as  three  principle  axes,  or  x,  y and  z axes,  and  is 
defined  by  the  position  of  its  origin  and  the  orientation  of  its  axes. 

Figure  2-3  shows  two  different  coordinate  systems.  They  are  designated  as 
system  A and  system  B,  If  system  A is  selected  to  be  the  reference  system,  system 
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B can  be  described  by  the  position  of  its  origin  and  the  orientation  of  its  axes  relative 
to  system  A.  The  origin  of  system  B can  be  described  by  a vector,  denoted  Og^,  as: 

Ofi/A  = [ Ox  Oy  o J (2.3) 


Figure  2-3  Two  different  coordinate  systems 

The  orientation  of  system  B can  be  specified  by  three  vectors  representing  the  three 
axes(bases)  of  system  B in  terms  of  system  A.  Each  basis  of  a coordinate  system  is 
a vector  in  space  itself,  and  the  components  of  the  vector  specifying  an  axis  is  the 
projection  of  that  axis  vector  onto  the  axes  of  the  reference  coordinate  system.  For 
convenience  a 3x3  matrix, 


Xb-Ya 

Xb*Za 

^BxAx 

*^BxAy 

^BxAz 

^B/A 

Yb*X^ 

Yb-Ya 

Yb'Za 

= 

'^ByAx 

^ByAy 

^ByAz 

(2.4) 

^b'  Xa 

Zb-Ya 

Zb*  Za 

^BzAx 

^BzAy 

^BzAz  . 

which  has  the  three  axis  vectors  as  its  rows,  can  be  used  to  express  the  orientation 
of  system  B in  terms  of  system  A.  Here  X^,  and  are  the  coordinate  axis 
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vectors  of  system  A,  and  Xg,  Yg  and  Zg  are  those  of  system  B.  Because  the 
projection  of  a vector  onto  another  vector  is  the  dot  product  of  these  two  vectors, 
scalars  rg;^j(i,  j = x,  y or  z),  values  of  these  dot  products,  are  used  to  simplify  the 
notation. 

The  vector  Og^^,^  and  matrix  Rg/^  together  is  not  only  the  description  of  system 
B in  terms  of  system  A,  it  can  also  be  used  to  map  or  transform  the  coordinates  of 
a point  in  system  B,  (xg,  yg,  Zg),  to  the  coordinates  of  system  A,  (x^,  y^,  z^),  by 
applying  the  following  operation: 


Containing  a multiplication  operation  followed  by  an  addition  operation, 
equation  (2.5)  is  not  as  appealing  as  its  conceptual  form,  a transformation.  To 
achieve  a more  compact  equation  as  well  as  a clearer  conceptual  form,  Rg^  and 
Og/A  can  be  put  together  in  a matrix  as  a transformation  operator.  If  we  define  a 
4x4  matrix 


[Xa  yA  ZaI  = [Xb  ys  ZbJRb/A  + Ob/a 


(2.5) 


^BxAx  ^BxAy  ^BxAz 


0 


(2.6) 


equation  (2.5)  can  be  simplified  to 


[Xa  Ya  Za  1]  = [xb  Yb  Zb  1]T 


(2.7) 
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Matrix  T is  called  a homogeneous  transformation  matrix[20].  It  can  be 
regarded  purely  as  a construction  used  to  cast  the  rotation  and  translation  of  the 
general  transformation  into  a single  matrix  form.  It  can  also  be  used  to  compute 
perspective  and  scaling  operations  (when  the  rotation  matrix  is  not  orthonormal,  or 
the  last  column  is  other  than  [0  0 0 1]).  Note  that  the  last  row  of  the  transformation 
matrix  contributes  the  translation  operation  while  the  other  rows  contribute  the 
rotation  operation.  This  will  become  clearer  if  we  discuss  the  translation  and 
rotation  operations  individually. 

If  there  is  another  coordinate  system,  called  system  C,  that  is  translated  from 
system  B by  (dx,  dy,  dz).  TTie  transformation  matrix  T from  system  C to  system  B 
will  be 

1 0 0 

, 0 1 0 
T'  = 

0 0 1 
dx  dy  dz 

If  T is  updated  by  pre-multiplying  T to  it  so  that  T = TT,  the  new  transformation 
matrix  T can  be  used  to  map  points  from  system  C into  system  A. 

For  the  rotation  operation,  if  system  C is  transformed  from  system  B by 
rotating  an  angle  0 about  the  x axis,  transformation  matrix  from  the  system  C to 
system  B will  become 
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10  0 0 
0 COS0  sinO  0 

0 -sinO  COS0  0 

0 0 0 1 


Similarly,  if  the  rotation  is  about  the  y and  z axis,  the  transformation  matrix  T and 
will  be 


COS0 

0 

-sin0 

0 

0 

1 

0 

0 

(2.10) 

sin0 

0 

COS0 

0 

0 

0 

0 

1 

COS0 

sin0 

0 

0 

-sin0 

COS0 

0 

0 

(2.11) 

0 

0 

1 

0 

0 

0 

0 

1 

As  in  the  case  of  translation,  the  new  transformation  matrix  T from  system  C to 
system  A can  be  updated  by  pre-multiplying  the  rotation  matrix  to  the  old  matrix  T, 
If  there  are  more  than  one  translation  or  rotation  operation,  the  matrices  Tj(i  = ’, 
X,  y,  or  z)  pre-multiply  matrix  T in  the  correct  order  to  produce  the  equivalent 
transformation.  For  example,  if  system  C is  obtained  by  a rotation  about  z axis,  a 
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translation  and  a rotation  about  y axis,  the  equivalent  transformation  matrix  can  be 
obtained  by  applying 

T = Ty  T T,  T (2.12) 

In  section  2. 1 we  have  discussed  that  geometric  entities  are  usually  described 
in  the  world  coordinate  system  and  will  be  mapped  into  ortho  coordinate  system  for 
further  processing  in  3-D  computer  graphics.  The  mapping  operation,  which  has  not 
been  discussed,  will  be  formulated  as  shown  in  equation  (2.7).  The  cubic  area  of  the 
ortho  coordinate  system  to  be  mapped  onto  the  drawing  area  of  the  computer  screen 
is  -l<x<l,  -l<y<l  and  -l<z<l.  Suppose  the  region  of  the  world  coordinate  system  to 
be  mapped  onto  the  cubic  drawing  area  of  the  ortho  coordinate  system  is  x,f,<x<x,^, 

Ytop^y^ybtm  and  Zf3,<z<z„er(see  Figure  2-4),  the  4x4  transformation  operation  matrix 
T will  be  as  follows: 


T = 


Xrgt-Xlf. 


0 


0 


Xrgt-^% 

Xrgt-^lft 


0 

2 

ytop  -Ybi  m 
0 


_ytop+ybt  m 
Ytop  Yblm 


0 

0 

2 


z,  -z 

far  ner 


Zf  +Z 
far  ner 


Z,  -z 

far  ner 


0 

0 

0 

1 


(2.13) 


With  this  operation  matrix,  geometrical  entities  described  in  the  world  coordinate 
system  can  be  transformed  to  the  ortho  coordinate  system  by  applying  equation  (2.7). 
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Figure  2-4  The  world  coordinate  system  and  ortho  coordinate  system 


2.3  Data  Structures 


The  method  for  storing  and  keeping  track  of  the  data  being  processed  consists 
mostly  in  writing  a computer  program.  As  the  data  to  be  processed  in  a program 
becomes  more  and  rnore  vast  and  complex,  the  scheme  for  handling  data  becomes 
more  and  more  important.  Data  structures  are  used  to  help  manage  complex  data 
in  a program,  especially  for  a large  project  program  such  as  a CAD/CAM  system. 
In  this  section  two  types  of  data  structures,  linked  lists  and  trees,  which  are  widely 
used  in  this  research,  will  be  discussed. 

2.3.1  Linked  List 


A linked  list  is  a sequence  of  nodes.  Each  node  contains  two  fields,  one  field 
holds  data  and  the  other  field  holds  pointers  to  other  nodes  in  the  list.  The  way  of 
linkage  between  the  nodes  in  a list  differentiates  several  classes  of  linked  lists.  The 
simplest  linked  list  is  the  singly  linked  list.  The  pointer  in  each  node  of  a singly 
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linked  list  points  to  the  next  node  except  for  the  pointer  in  the  last  node  where  there 
is  no  next  node.  Figure  2-5  shows  a symbolic  sketch  of  a singly  linked  list.  Obviously 
an  extra  pointer  is  required  to  indicate  where  the  first  node  is.  If  the  pointer  in  the 
last  node  points  to  the  first  node,  it  becomes  a circularly  linked  list,  any  node  in 
which  can  be  the  "first"  node.  In  a singly  linked  list  or  circularly  linked  list  the  nodes 
can  only  be  traced  in  one  direction.  The  segments  of  the  string  specifying  the  shape 
of  the  wall  of  the  3-D  pocket  are  stored  as  a singly  linked  list  with  the  highest 
segment  (in  z direction)  as  the  first  node. 


Node  1 Node  2 Node  3 Node  4 Node  5 


Figure  2-5  A symbolic  sketch  of  a singly  linked  list 


In  many  applications  the  ability  to  move  through  a list  in  either  direction  is 
desired.  This  can  be  achieved  by  adding  one  more  pointer  in  each  node,  and  having 
it  point  to  the  previous  node.  It  is  called  a doubly-linked  list  if  the  first  node  only 
points  to  the  next  one  and  the  last  node  only  points  to  the  previous  one.  If  the  first 
node  points  to  the  last  node  as  its  previous  one  and  the  last  node  points  to  the  first 
node  as  its  next  one,  it  is  called  a circularly-doubly-linked  list,  as  shown  in  Figure  2-6. 
Circularly-doubly-linked  list  is  the  most  extensively  adopted  data  structure  in  this 
system.  The  created  geometric  entities,  profile  or  boundary  of  pockets  for  machining, 
contouring  tool  path,  zigzag  tool  path,  and  loops  of  the  spiral  tool  path  are  all  stored 
as  circularly-doubly-linked  lists,  although  each  one  may  need  a particular  structure 
(of  C language)  to  fulfill  its  specific  need. 
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Figure  2-6  A circularly-doubly-linked  list  with  five  nodes 


2.3.2  Tree 

The  fact  that  each  node  of  linked  lists  has  at  most  one  linked  node  in  either 
direction  makes  linked  lists  clear  and  easy  to  use,  but  this  puts  a limitation  on  the 
application  of  this  data  structure.  In  some  cases  it  is  necessary  that  a node  have 
more  than  one  neighbor  in  either  direction;  therefore  a linked  list  is  not  useful.  A 
tree  is  a data  structure  which  is  suitable  when  each  node  has  only  one  preceding 
node  and  an  arbitrary  number  of  following  nodes.  Since  the  node  in  a tree  has  an 
arbitrary  number  of  following  nodes,  the  implementation  of  a tree  is  not  as  direct  as 
that  of  a linked  list.  The  functions  built  in  this  system  are  grouped  into  several 
menus  according  to  their  functionality  and  these  menus  are  linked  as  a menu  tree. 
The  switch  from  one  menu  to  another  is  made  under  the  instruction  of  the  user. 

A tree  with  two  following  nodes  is  a binary  tree.  Figure  2-7  shows  a symbolic 
sketch  of  a linked  binary  tree.  A binary  tree  is  either  empty,  or  it  consists  of  a node 
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called  the  root  together  with  two  binary  trees  called  the  left  subtree  and  the  right 
subtree  of  the  root[21].  Every  node  in  a binary  tree  contains  three  pointers,  one 
points  to  its  preceding(or  parent)  node  and  the  other  two  will  point  to  the  subtrees. 
If  a subtree  or  both  do  not  exist,  the  corresponding  pointers  will  be  set  to  idle  status. 


As  can  be  seen  from  Figure  2-7,  the  traversal  of  a linked  binary  tree  is  not  as 
straight-forward  as  moving  through  a linked  list.  There  are  six  different  ways  of 
arrangement  for  the  order  of  visits  to  a given  node.  By  standard  convention  these 
six  are  reduced  to  three  by  considering  only  the  ways  in  which  the  left  subtree  is 
traversed  before  the  right.  The  three  names  of  the  ways  of  traversal,  preorder, 
inorder,  and  postorder,  are  chosen  according  to  the  step  at  which  the  given  node  is 
visited.  With  preorder  traversal  the  node  is  visited  before  the  subtrees,  with  inorder 
traversal  it  is  visited  between  them,  and  with  postorder  traversal  the  root  is  visited 
after  both  of  the  subtrees.  Consider  the  tree  in  Figure  2-7  as  an  example,  the  order 
of  visiting  the  nodes  with  the  three  traversals  will  be: 

Preorder:  ABDGECFHI 


Inorder:  DGBEACHFI 
Postorder:  GDEBHIFCA 

The  tool  path  loops  for  spiral  pocketing  are  linked  as  a binary  tree.  The 


details  of  linkage  will  be  described  when  we  discuss  the  generation  of  the  tool  path 
later  in  Chapter  5. 


CHAPTERS 

OVERVIEW  OF  THE  WHOLE  SYSTEM 

A CAD/ CAM  system  is  a computer  program  that  runs  interactively  with  the 
user.  The  program  contains  numerous  functional  routines,  or  called  functions,  for 
various  tasks.  The  user  operates  the  system  through  the  working  environment 
displayed  on  the  computer  screen  and  the  operational  devices  to  activate  the 
functions  which  perform  the  intended  task.  The  system  itself  only  maintains  the 
working  environment  and  drives  the  routine  which  checks  the  action  of  the 
operational  devices  to  see  if  the  user  has  given  any  instruction.  This  chapter  provides 
a general  introduction  about  the  operation  and  implementation  of  the  whole  system. 
The  devices  required  for  the  operation  of  the  system  and  the  built-in  functions  are 
introduced  first.  Then  the  working  environment  of  the  system  is  described. 

3.1  Operational  Devices  and  Built-in  Functions 

The  system  developed  in  this  research  is  designed  to  be  operated  on  an  IBM 
PC  or  compatible.  A Microsoft  mouse  or  compatible  is  also  required.  The  keyboard 
and  mouse  are  the  two  devices  that  users  utilize  to  enter  data  and  give  instructions 
to  the  system.  The  system  is  triggered  by  entering  the  command,  which  is  the 
executable  file  name  of  the  system  program,  for  activating  the  system  under  DOS 
through  the  keyboard.  While  the  system  is  running,  almost  every  selection  operation. 
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such  as  selecting(activating)  a function  or  selecting  a created  geometric  entity  on  the 
screen,  is  made  through  the  mouse.  Because  the  system  cannot  be  operated  without 
a mouse,  it  is  designed  so  that  it  can  be  activated  only  when  the  mouse  is  present 
and  is  being  driven  by  the  computer.  The  monitor,  initially  in  a text  mode  under 
DOS,  is  set  to  a graphics  mode  by  the  system  immediately  after  the  system  is 
activated  successfully  so  that  the  working  environment  of  the  system  can  be  displayed 
on  the  screen.  The  monitor  is  set  back  to  the  text  mode  during  the  exit  process  of 
the  system. 

It  is  described  earlier  that  the  CAD/CAM  system  itself  is  a large  computer 
program  which  runs  interactively  with  the  user  to  accomplish  intended  tasks.  The 
devices  described  above  are  used  for  the  interaction  between  the  user  and  system, 
while  the  tasks  are  executed  by  the  functional  routines  included  in  the  system 
program.  These  functions  are  activated  through  the  system  operation  by  the  user. 
The  input,  numerical  data  or  geometric  entities,  of  the  function  is  entered  through 
keyboard  and  selected  through  mouse.  The  capability  of  the  system  depends  totally 
on  these  functions. 

Many  functions  are  included  in  this  system  to  meet  a wide  variety  of  needs. 
These  functions  are  grouped  based  on  their  functionality  and  linked  into  a tree 
pattern  of  menus.  Figure  3-1  shows  all  these  functions  in  the  menu  tree.  Each 
selection  item  in  the  main  menu  except  the  "Exit"  item  is  the  title  of  a submenu  and 
the  items  in  the  submenus  are  commands  which  perform  the  design  or  manufacturing 
tasks.  The  general  purpose  of  the  commands  in  the  "Geometry"  and  "Point"  menu 
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are  to  execute  the  entity  creation  task.  In  the  "NC  Gen"  menu  are  commands  for 
tool  path  calculation  and  postprocessing.  Those  in  "NC  Verify"  are  for  verifying 
existing  NC  programs.  The  commands  in  the  rest  of  the  menus  are  to  handle  the  file 
related  work,  show  the  data  of  the  geometric  entity  on  the  screen,  change  the  view 
of  the  drawing  area,  and  change  the  setting  of  the  working  environment. 

A C language  structure,  labelled  Listitem,  is  used  to  group  the  functional 
routines  into  menus  and  implement  the  menu  tree.  The  structure  is  declared  by  the 
following  statements: 

struct  Listitem 

{ char  nitems; 
char  Title[ITEMSIZE], 

Item[MAXNITEMS]  [ITEMSIZE] ; 
wF  action[MAXNITEMS]; 
struct  Listitem  *pre; 

}; 

A menu  in  the  menu  tree  needs  a Listitem  structure  to  hold  the  information.  In  the 
structure  the  macro  MAXNITEMS  stands  for  the  maximum  number  of  functions 
(items)  that  can  be  contained  in  a menu  and  ITEMSIZE  stands  for  the  maximum 
number  of  characters  that  a character  string  (title  or  item  name)  can  contain.  Both 
macros  are  defined  at  the  beginning  of  the  program.  The  variable  "nitems"  contains 
the  number  of  items  in  a menu  currently.  The  character  string  Title[  ] contains  the 
title  of  the  menu.  The  vector  of  character  strings  Item[  ][  ] holds  all  the 
item(function)  names  of  a menu.  The  item  names  are  those  shown  in  Figure  3-1. 
The  member  action[  ] is  a vector  of  "wF'  type  variables.  The  word  "wF'  is  used  to 
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Figure  3-1  Function  menus  of  the  system 
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represent  the  pointer  of  a function  which  take  void  and  return  void  after  the 
statement 

typedef  void  (*wF)(void); 

is  given  in  the  program.  The  functions  pointed  by  the  pointers  of  action[  ] are  the 
built-in  routines  of  the  system.  The  variable  "pre"  is  a pointer  of  Listitem  structure. 
It  is  used  to  point  to  the  Listitem  structure  of  the  "previous"  menu  in  the  menu  tree. 
Only  one  menu  in  the  menu  tree  can  be  the  currently  active  menu.  If  a menu 
become  active,  the  character  strings  in  Item[  ][  ] of  its  Listitem  structure  are  listed 
in  a specific  area,  called  the  menu  area,  of  the  system’s  working  environment  so  that 
they  can  be  selected  by  the  user.  When  an  item  is  selected,  the  routine 
corresponding  to  that  item,  which  is  pointed  by  a pointer  of  action[  ],  is  activated. 
For  example,  selecting  the  "Return"  item,  which  exists  in  every  menu  except  the  main 
menu,  drives  a function  which  changes  the  currently  active  menu  to  the  menu  pointed 
by  the  pointer  "pre"  in  the  Listitem  structure  of  the  currently  active  menu. 

3.2  Working  Environment:  Display  of  the  Screen 

The  working  environment  is  the  interface  provided  by  the  system  to  inform 
the  user  the  status  of  the  system  or  the  execution  result  of  a function.  After  being 
started  successfully,  the  system  changes  the  computer  monitor  to  the  graphics  mode 
with  the  highest  resolution  and  then  displays  the  working  environment  on  the  screen. 
The  screen  display  of  the  working  environment  is  divided  into  three  main  areas:  the 
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drawing  area,  the  menu  area  and  the  message  area.  The  image  of  geometric  objects 
or  generated  tool  paths  are  displayed  in  the  drawing  area.  All  options  of  the 
currently  active  menu  are  listed  in  the  menu  area  for  the  user  to  make  a selection. 
The  system  prompts  the  user  with  the  operation  information  or  instructions  in  the 
message  area. 


Figure  3-2  Screen  layout  of  the  system 


Figure  3-2  shows  a sample  of  the  system’s  screen  display.  As  shown  in  the 
figure,  a large  portion  of  the  screen  is  reserved  for  the  drawing  area,  which  is  a 
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rectangular  area  extending  from  the  top  left  corner  of  the  screen  to  six  sevenths  of 
the  screen  width  and  five  sixths  of  the  screen  height  and  is  originally  all  black  with 
four  white  boundary  lines.  This  area  is  used  for  displaying  the  images  of  all 
geometric  objects  and  tool  paths  in  a certain  range  of  world  coordinates.  The  range 
of  the  world  coordinates  mapped  into  the  drawing  area  can  be  specified  by  the  user 
and  is  shown  in  the  message  area.  If  the  mouse  is  positioned  within  the  drawing 
area,  two  perpendicular  dotted  lines  intersecting  at  the  position  of  the  mouse  indicate 
the  position  of  mouse. 

To  the  right  of  the  drawing  area  is  the  menu  area.  This  area  is  shown  in  light 
blue  background  with  white  characters.  At  the  top  of  this  area  is  the  title  of  the 
currently  active  menu,  which  is  marked  by  a string  of  asterisks.  The  menu  options 
are  listed  below  the  asterisk  string.  To  make  a selection,  the  mouse  position  must 
be  in  this  area.  The  menu  item  located  closest  to  the  mouse  position  is  highlighted 
using  a brown  background  color  and  is  selected  by  pressing  the  left  mouse  button  or 
the  "Enter"  key  on  the  keyboard. 

At  the  bottom  of  the  screen  is  the  message  area.  This  area  is  also  colored 
with  light  blue  background  and  white  characters.  Shown  at  the  right  end  of  this  area 
are  the  range  of  the  drawing  area  and  the  x and  y coordinates  of  the  mouse  position 
in  world  coordinates  when  the  mouse  is  in  the  drawing  area.  The  range  of  the 
drawing  area  is  displayed  in  the  rectangle  which  represents  the  bounds  of  the  drawing 
area.  Displayed  above  the  rectangle  are  the  x and  y coordinates  of  the  mouse 
position.  The  coordinates  are  updated  with  mouse  movement.  Operation 
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instructions  and  function  execution  results  are  displayed  at  the  left  side  of  this  area. 
Sometimes  a small  amount  of  data  such  as  a file  name  or  a number  is  entered  in  the 
message  area  through  a prompt. 

The  ScreenObj  class  declared  as 


class  ScreenObj 
{ protected: 

int  StartText, 

WSlctArea, 

TEXTHGT; 

public: 

struct  Listitem  Main,  File,  Geometry,  Analyze,  NCGen 

Verify,  View,  Setting,  Point, 

*now; 

ScreenObj  (void) ; 
void  PutTitle(ListItem  *,  char  *); 
void  AddItem(ListItem  *,  char  *,  wF); 
void  BtmArea(void); 
void  GrafArea(void); 
void  listRgtArea(void); 
void  ShowDrawlimit(void); 
void  MousePosition(void); 
int  Run(void); 

}; 


is  used  for  initiating  the  screen  display  and  performing  the  maintenance  operations 
such  as  checking  the  action  of  keyboard  and  mouse.  The  value  in  StartText  is  the 
vertical  position  from  which  the  menu  options  will  be  listed,  in  WSlctArea  is  the 
width  of  menu  selection  area,  and  in  TEXTHGT  is  the  vertical  increments  of  the 
position  of  menu  options.  These  three  values  are  given  in  screen(pixel)  coordinates. 

Since  the  system  has  nine  selection  menus,  nine  Listitem  structures  are 
contained  in  the  ScreenObj  class.  The  names  of  these  structures  are  the  same  as  the 
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titles  of  the  menus.  Function  PutTitle(  ) is  used  to  put  the  title  of  a menu  into  the 
character  string  Title[  ] of  its  Listitem  structure.  Addltem(  ) is  used  to  put  the  name 
of  menu  items  to  Item[  ][  ] and  pass  the  address  of  their  corresponding  functional 
routine  into  action[  ] in  the  menu’s  Listitem  structure.  The  pointer  of  Listitem 
structure  type  "now"  is  used  to  point  to  the  current  active  structure  (menu),  the  title 
and  items  of  which  will  be  listed  in  the  menu  area. 

Functions  GrafArea( ),  BtmArea(  ) and  ListRgtArea(  ) initialize  the  drawing 
area,  message  area  and  menu  area  respectively  when  the  system  is  activated.  The 
range  of  the  drawing  area  is  displayed  by  function  ShowDrawLimit(  ).  Function 
MousePosition(  ) shows  the  coordinates  of  mouse  position  when  it  is  in  the  drawing 
area.  Run()  is  the  function  driven  by  the  system  all  the  time  when  no  other  function 
is  being  executed.  It  lists  the  items  of  the  current  active  menu,  which  is  pointed  by 
pointer"now",  in  the  menu  area  and  continually  checks  the  action  of  keyboard  and 
mouse  to  receive  the  instruction  from  the  user.  The  menu  shown  initially  in  the 
menu  area  is  of  course  the  main  menu.  Every  option  in  the  main  menu  except  "Exit" 
sets  the  pointer  "now"  to  the  corresponding  menu  structure  so  that  the  currently 
active  menu  is  changed  and  the  menu  area  is  updated  with  the  new  menu. 

Besides  the  three  main  display  areas,  pop-up  windows  appear  around  the 
center  of  the  screen  when  needed.  Usually  a pop-up  window  is  displayed  for 
entering  large  amounts  of  data,  such  as  cutting  related  parameters  for  the  generation 
of  tool  path  or  the  x,  y and  z values  of  a position  or  displacement.  The  position  of 
mouse  is  indicated  by  a small  arrow  to  allow  input  of  data  in  the  pop-up  window. 
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To  enter  data,  the  user  moves  the  mouse  to  the  intended  input  field  and  presses  the 
left  mouse  button.  This  causes  the  arrow  to  disappear  and  a cursor  to  show  up  at 
the  position  of  that  data  field  so  that  the  user  can  key  in  the  data.  The  process  of 
keying  in  data  is  terminated  by  pressing  the  "Enter"  key  and  the  arrow  reappears 
indicating  that  the  mouse  is  active  again. 

Two  buttons  labelled  "Done"  and  "Cancel"  are  shown  at  the  bottom  of  every 
pop-up  window.  The  user  can  select  a button  by  positioning  the  mouse  within  the 
boundary  of  the  button  and  pressing  the  left  mouse  button.  If  the  "Cancel"  button 
is  selected,  the  newly  entered  data  is  lost  and  the  command  initiates  the  pop-up 
window  is  cancelled.  If  the  "Done"  button  is  selected,  the  system  will  continue  to 
execute  the  command  according  to  the  data  given  in  the  window.  The  selection  of 
either  button  will  close  the  pop-up  window. 


CHAPTER  4 

COMPUTER-AIDED  DESIGN  CAPABILITY 

The  design  module  of  this  system  allows  the  user  to  construct  the  wireframe 
model  of  geometric  objects  through  a series  of  creating  and  editing  operations  on  the 
elementary  construction  entities,  line  and  arc.  The  created  entities,  whose  data  are 
temporarily  stored  in  the  computer  memory,  are  shown  in  the  drawing  area  of  the 
screen  so  that  the  user  can  observe  and  make  necessary  modifications.  In  section  4.1, 
the  elementary  geometric  entities,  line  and  arc,  are  introduced  along  with  the  scheme 
and  C language  structure  used  for  their  storage.  In  section  4.2,  all  of  the  commands 
that  create  or  edit  the  entities  in  the  "Geometry"  and  "Point"  menus  are  introduced. 
The  functions  executing  the  commands  in  the  "View"  menu  are  discussed  in  section 
4.3.  The  created  entities  can  be  displayed  in  the  drawing  area  of  the  screen  in  any 
scale  and  any  direction  of  view  by  using  these  commands.  Finally  in  section  4.4,  the 
functions  in  "File",  "Analyze"  and  "Setting"  menus  are  introduced. 

4.1  Elementary  Construction  Entities 

Line  and  arc  are  the  two  elementary  geometric  entities  used  to  construct  the 
wireframe  of  geometric  objects  in  this  system.  Generally,  a geometric  object  is 
composed  of  numerous  lines  and  arcs.  These  lines  and  arcs  are  created  one  by  one 
to  constitute  the  object.  Also,  many  editing  operations  such  as  trimming,  copying,  or 
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moving  are  required  during  the  whole  construction  process.  The  data  for  created 
lines  and  arcs  need  to  be  stored  in  the  computer  memory  in  a well  organized  maimer 
so  that  the  data  can  be  easily  found  when  needed.  In  this  system,  the  data  of  the 
created  lines  and  arcs  are  held  by  different  (C  language)  structures  and  they  are 
linked  as  a circularly-doubly  linked  list.  The  structures  for  holding  the  data  and 
implementing  linkage  are  described  below. 

A line  can  be  totally  specified  by  its  two  end  points,  so  the  structure  declared 
by  the  statements 


struct  line 
{ float  Sx,  Sy,  Sz, 
Ex,  Ey,  Ez; 

}; 


can  be  used  to  store  the  data  of  a line  such  that  (Sx,  Sy,  Sz)  are  the  coordinates  of 
the  starting  point,  and  (Ex,  Ey,  Ez)  are  the  coordinates  of  the  ending  point. 

The  structure  to  hold  the  data  of  an  arc  in  space  is  much  more  complicated. 
It  is  declared  as: 


struct  arc 
{ float  Sx,  Sy,  Sz, 
Ex,  Ey,  Ez, 
Rd, 

Cx,  Cy,  Cz, 
Nx,  Ny,  Nz, 
AR; 

}; 


and  contains  the  following  data  of  an  arc: 
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Sx,  Sy,  Sz:  coordinates  of  starting  point 
Ex,  Ey,  Ez:  coordinates  of  ending  point 


Rd:  radius  of  the  arc 


Cx,  Cy,  Cz:  coordinates  of  the  arc  center  point 
Nx,  Ny,  Nz:  components  of  the  normal  vector  of  the  arc 
AR:  angle  range(included  angle)  of  the  arc 
The  normal  vector  of  an  arc  is  the  vector  which  is  normal  to  the  plane  that  the  arc 
lies  on.  Figure  4-1  gives  schematic  illustration  of  these  variables.  Note  that  the 
value  of  angle  range  will  indicate  the  orientation  of  arc  — it  is  positive  for  a counter- 
clockwise arc,  negative  for  a clockwise  arc. 


(Nx.Ny.Nz) 


Y 


Figure  4-1  Schematic  illustration  of  the  arc  data 

It  is  stated  earlier  that  the  created  lines  and  arcs  are  stored  as  a circularly- 
doubly-linked  list  temporarily  in  the  computer  memory.  Structure  line  and  structure 
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arc  contain  only  the  data  of  individual  lines  and  arcs  respectively.  To  form  a linked 
list,  another  structure  is  needed  to  hold  the  information  of  linkage  and  to  allow 
access  to  the  structure  of  each  created  line  and  arc.  The  structure 

struct  Element 
{ union  Pointer  t; 
char  Tp; 

struct  Element  *p,  *n; 

float  Xmax,  Xmin,  Ymax,  Ymin; 

}; 

is  declared  to  fulfill  the  need.  The  union  Pointer  is  declared  as 

union  Pointer 
{ struct  line  *Ln; 
struct  arc  *Arc; 

}; 

before  the  declaration  of  structure  Element.  It  means  that  the  content  of  the  union 
Pointer  is  a pointer  to  either  a structure  of  a line  or  an  arc.  The  char  type  variable 
"Tp"  is  an  integer  number  indicating  the  type  of  geometric  entity.  This  number  is 
given  according  to  the  created  entity  (2  for  a line  and  3 for  an  arc),  which  in  turn 
indicates  the  type  of  pointer  to  be  used  in  the  union  Pointer.  Pointers  "p"  and  "n"  of 
structure  Element  type  are  used  to  hold  the  address  of  the  neighbors’  Element 
structure  to  form  a circularly-doubly-linked  list  for  the  created  lines  and  arcs.  The 
four  float  variables  (Xmax,  Xmin,  Ymax,  and  Ymin)  are  the  extreme  values  of  the 
X and  y ortho  coordinates  of  the  entity  (the  four  bounds  of  the  rectangle  which 
encloses  the  entity  on  the  x-y  plane  of  the  ortho  coordinate  system).  These  variables 
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are  used  by  the  entity  picking  function,  which  lets  the  user  pick  an  entity  on  the 
screen.  The  purpose  of  these  variables  is  to  speed  up  the  entity  search  process  and 
they  are  updated  at  the  end  of  every  view  command  except  "Redraw". 

The  storage  space  for  the  created  entities  in  the  computer  memory  is  allocated 
dynamically  during  run  time.  After  the  system  is  commanded  to  create  a new  entity 

and  get  the  pertinent  data,  a space  for  the  structure  Element  is  allocated  in  the 
memory  by  the  statement 

pTmp  = new  Element; 

where  pTmp  is  a pointer  of  structure  Element  used  in  the  system  to  temporarily  hold 
the  address  of  the  allocated  space.  Another  space  for  the  structure  line  or  structure 
arc,  depending  on  the  type  of  entity  being  created,  is  allocated  by  a similar  statement. 
For  a line,  it  is 

pTmp-  > t.Ln  = new  line; 

for  an  arc. 


pTmp- >t. Arc  = new  arc; 

On  the  left  hand  side  of  the  statement  is  the  corresponding  pointer  in  the  union 
Pointer  of  the  new  structure  Element.  Then  all  of  the  data  defining  the  new  entity 
is  loaded  into  the  memory  space.  At  the  end  of  creation  process  the  new  entity  is 
put  into  the  circularly-doubly-linked  list.  This  linking  procedure  lets  the  pointers  "p" 
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and  "n"  in  the  new  structure  Element  point  to  its  previous  and  next  Element 
structures  respectively.  In  order  to  access  the  linked  list  when  needed,  a pointer  of 
structure  Element  is  used  to  point  to  the  first  created  entity,  which  is  regarded  as  the 
starting  entity  of  the  linked  list. 

By  using  the  data  structures  and  the  storage  technique  described  in  this 
section,  the  system  can  create  as  many  lines  and  arcs  as  the  computer’s  memory  will 
allow. 

4.2  Geometric  Entity  Creation  Functions 

The  commands  in  the  "Geometry"  menu  are  for  creating  and  editing  geometric 
entities.  In  this  section,  the  routines  executing  those  commands  are  introduced  as 
listed  in  the  menu.  Note  that  the  final  steps  in  the  procedure  of  creating  an  entity  - 
- allocating  memory  space  for  storing  data  of  the  entity  and  inserting  the  entity  into 
the  linked  list  - are  the  same  for  every  entity  creation  command  and  will  not  be 
repeated  in  the  following  discussion. 

4.2.1  Line 

The  "Line"  command  is  used  for  creating  lines.  Since  a line  is  determined  by 
its  two  end  points,  the  primary  task  of  this  command  is  to  get  the  two  end  points. 
The  "Point"  menu  is  shown  in  the  menu  area  immediately  after  the  "Line"  command 
is  triggered  so  that  the  user  can  select  the  method  for  specifying  the  end  points.  In 
the  menu,  there  are  four  options  for  obtaining  a point:  "Key  in",  "End  of,  "Mid  of. 
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and  "Tangent".  When  "Key  in"  is  selected,  a small  window  pops  up  for  the  user  to 
enter  the  coordinates  of  the  point.  When  one  of  the  other  three  options  is  selected, 
the  user  needs  to  pick  an  entity  which  is  already  created  on  the  screen  by  positioning 
the  mouse  close  to  that  entity  and  pressing  the  left  mouse  button.  If  "End  of  is 
selected,  the  end  point  of  the  picked  entity  closer  to  the  mouse  position  at  the  time 
of  picking  will  be  the  chosen  point.  If  "Mid  of  is  selected,  the  midpoint  of  the 
picked  entity  will  be  the  chosen  point.  If  "Tangent"  is  selected,  only  an  arc  can  be 
picked  and  the  chosen  point  will  be  a tangent  point  of  the  picked  arc. 

Depending  on  the  method  for  specifying  points,  the  line  creation  process  may 
include  calculation.  Since  "Key  in",  "End  of,  or  "Mid  of  option  in  the  "Point"  menu 
allows  the  user  to  specify  a point  explicitly,  the  line  can  be  determined  by  directly 
connecting  the  two  end  points  if  each  point  is  obtained  by  one  of  these  three  options. 
If  either  one  of  the  end  points  is  specified  to  be  a tangent  point  of  an  arc,  the  new 
line  will  be  either  the  tangent  line  of  a point  and  an  arc  or  that  of  two  arcs.  The 
determination  of  such  a line  requires  calculation  as  described  in  the  following. 

The  tangent  line  of  a point  and  an  arc  is  the  line  connecting  the  known  point 
and  the  tangent  point  on  the  arc.  The  primary  task  in  determining  such  a tangent 
line  is  to  find  the  tangent  point  on  the  arc.  A coordinate  system  with  its  origin  at  the 
center  of  the  arc  and  with  the  starting  point  of  the  arc  on  its  positive  x axis  is  created 
temporarily  for  the  calculation.  This  causes  the  arc  to  lie  on  the  x-y  plane  of  this 
coordinate  system.  If  the  known  point  is  not  on  the  x-y  plane  of  the  coordinate 
system,  it  is  projected  onto  that  plane  to  make  the  calculation  two-dimensional. 
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Figure  4-2  shows  a circle  and  a point(labelled  point  P)  on  a x-y  coordinate 
system  representing  the  x-y  plane  of  the  temporary  coordinate  system.  The  circle 
represents  an  arc  of  arbitrary  angle.  The  angle  a is  the  direction  angle  of  point  P on 

the  x-y  plane.  Angle  ^ is  obtained  by  the  equation 

/ 

o ^ • -1/  r X 

^ - sm  \ ) (4.1) 


where  (x,  y)  are  the  coordinates  of  point  P.  The  direction  angles  of  tangent  points 
on  the  circle  are  a + 13  and  a-13,  because  there  are  two  tangent  lines  from  a point  to 
a circle.  For  the  case  of  an  arc,  normally  there  is  only  one  tangent  point.  The  line 
creation  function  will  select  whichever  value  corresponds  to  a point  on  the  arc.  If 
both  tangent  points  are  on  the  arc,  the  value  corresponding  to  the  point  closer  to  the 
mouse  position  when  the  arc  was  picked  is  taken.  After  the  proper  value  (call  it  0 
here)  is  chosen,  the  coordinates  of  the  tangent  point  on  the  x-y  plane,  x^  and  yj,  can 
be  found  by 

X,  = r»cos(0)  and  y,  = r»sin(0). 

The  point  (Xj,  y,,  0)  in  the  temporary  coordinate  system  is  transformed  back  to  the 
world  coordinate  system  to  be  an  end  point  of  the  new  line. 

To  find  the  tangent  line  of  two  arcs,  the  two  arcs  must  be  parallel.  This 
means  that  the  planes  which  the  arcs  lie  on  are  parallel.  As  in  the  case  of  a point 
and  an  arc,  a temporary  coordinate  system  is  created  at  the  center  of  an  arc.  The 
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starting  point  of  that  arc  is  on  the  positive  x axis  of  this  system.  Again,  if  the  other 
arc  is  not  on  the  x-y  plane  of  the  coordinate  system,  it  needs  to  be  projected  onto  the 
plane. 

Y 


Figure  4-2  Tangent  lines  of  a point  and  a circle 

Figure  4-3  shows  an  x-y  plane  and  two  circles.  As  in  the  previous  case,  they 
represent  the  x-y  plane  of  the  temporary  coordinate  system  and  the  two  arcs  with 
arbitrary  angle  range.  There  are  two  different  pairs  of  tangent  lines  between  two 
circles.  The  first  pair  of  tangent  lines  shown  in  Figures  4-3a  intersects  the  line 
connecting  the  center  of  the  two  arcs.  The  second  pair  of  tangent  lines  shown  in 
Figure  4-3b  do  not  intersect  the  line  connecting  the  center  of  circles.  As  shown  in 
the  figure,  the  circle  at  the  origin  of  the  x-y  plane  is  called  circle  1,  the  other  arc  is 
circle  2,  and  a is  the  direction  angle  of  the  center  of  the  circle  2.  Line  OA  is  parallel 
to  the  tangent  line  and  angle  f3  is  the  angle  between  lines  OA  and  OC2. 

In  Figure  4-3a,  the  value  of  ^ is  obtained  by 

1 r.  +r, 

= sin~^(— i — —) 

^x^+y^ 


(4.2) 
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where  (x,  y)  is  the  coordinates  of  the  center(point  Q)  of  circle  2.  The  direction 
angles  of  the  two  tangent  points  on  circle  1 are  y = + tt/2  and  y = a + p-n  jl.  In 

Figure  4-3b,  the  value  of  )S  is  obtained  by 


Figure  4-3  Tangent  lines  of  two  circles 

(a)  Tangent  line  with  inner  intersection 

(b)  Tangent  line  with  outer  intersection 


and  the  direction  angles  of  the  two  tangent  points  on  circle  1 are  y = a + /3  + 7r/2  and 
y = a-)3-7r /2.  The  line  creation  function  checks  the  mouse  positions  when  the  two  arc 
are  picked  and  the  angle  ranges  of  the  two  arcs  to  decide  the  type  of  tangent  line 
and  take  the  appropriate  y.  Then  the  coordinates  of  the  tangent  point  of  arc  1 in 
the  temporary  coordinate  system  can  be  obtained  by 


Xj  = rj*cos(y)  and  y^  = ri*sin(y) 
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The  X and  y coordinates  of  the  tangent  point  on  the  other  arc  can  be  obtained  by 

X2  = X + r2*cos(A)  and  y2  = y + r2»sin(A.) 
where  the  value  of  X is  equal  to  y + ^r  for  the  case  shown  in  Figure  4-3a,  or  y for  the 
case  shown  in  Figure  4-3b.  The  two  points  (xj,  y^,  0)  and  (X2,  y2,  0)  are  mapped  back 
to  the  world  coordinate  system  to  created  the  new  line. 

4.2.2  Arc 

This  command  is  used  for  creating  arcs.  A small  window  will  pop  up  at  the 
center  of  the  screen  for  the  user  to  enter  the  arc  data  after  the  command  is  activated. 
The  display  of  the  pop-up  window  is  shown  in  Figure  4-4.  A horizontal  line  through 
the  middle  of  the  window  divides  the  window  into  two  regions.  Below  that  line  is  the 
information  about  a coordinate  system  called  the  current  construction  coordinate 
system  or  work  coordinate  system,  which  can  be  changed  by  using  the  "Coordinate" 
command  in  the  "Setting"  menu.  The  arc  to  be  created  will  lie  on  a plane  parallel 
to  the  x-y  plane  of  this  coordinate  system. 

The  data  above  that  line  are  the  parameters  of  the  arc  to  be  created.  The 
center  point  is  the  radius  center  of  the  arc  and  the  coordinates  entered  in  the  window 
shall  be  the  work  coordinates.  The  start  angle  and  end  angle  are  the  angles  of  the 
starting  and  ending  points  of  the  arc  measured  from  the  arc  center  with  reference  to 
the  positive  x axis  of  the  work  coordinate  system.  Since  the  arc  is  on  a plane  parallel 
to  the  x-y  plane  of  the  work  coordinate  system,  the  normal  vector  of  the  arc  is 
parallel  to  the  z axis  of  that  coordinate  system.  The  schematic  descriptions  of  these 
parameters  on  the  x-y  plane  is  shown  in  Figure  4-5. 
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Figure  4-4  Pop-up  window  for  entering  arc  data 


X 


Figure  4-5 


Schematic  illustration  of  arc  data  on  x-y  plane 


4.2.3  Copy  and  Move 


The  "Copy"  command  is  for  creating  an  entity  by  copying  from  an  existing  one. 
The  entity  to  be  copied  is  picked  on  the  screen  by  the  user.  After  an  entity  is  picked, 
a small  window  with  three  data  fields(x,  y and  z)  will  pop  up  for  entering  the 


displacements  in  the  three  principle  directions  of  the  world  coordinate  system.  The 
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new  entity  is  then  obtained  by  copying  the  picked  entity  through  a translation  of  the 
entered  displacements.  More  clearly,  if  the  picked  entity  is  a line,  each  coordinate 
of  the  starting  point  of  the  new  line  is  the  sum  of  the  corresponding  displacement 
and  the  corresponding  coordinate  of  the  starting  point  of  the  picked  line.  If  the 
picked  entity  is  an  arc,  the  new  arc  is  obtained  by  adding  these  displacements  to  the 
coordinates  of  the  center  point,  starting  point  and  ending  point  of  the  picked  arc. 

The  "Move"  command  is  for  translating  an  existing  entity  to  another  place. 
It  follows  the  same  procedure  as  the  "Copy"  command  except  that  the  picked  entity 
will  be  erased  at  the  end. 

4.2.4  Trim  and  Extend 

The  "Trim"  command  is  used  for  trimming  an  entity  with  another  intersecting 
entity.  The  entities  are  picked  by  the  user.  Calculation  for  finding  the  intersection 
point  is  undertaken  after  the  entities  are  picked.  Then  the  first  picked  entity  is  cut 
into  two  sections  at  the  intersection  point  and  the  section  on  the  same  side  of  mouse 
position  is  kept  as  the  trimmed  entity.  Like  the  case  of  finding  the  tangent  line,  a 
temporary  coordinate  system  is  established  so  that  the  calculation  can  be  undertaken 
on  its  x-y  plane. 

TTiere  are  three  different  cases  for  the  calculation  of  intersection  point:  two 
lines,  a line  and  an  arc,  and  two  arcs.  The  creation  of  temporary  coordinate  system 
is  case  dependent.  For  the  case  of  two  lines,  it  is  the  same  as  the  work  coordinate 
system.  For  the  case  of  a line  and  an  arc,  it  is  established  so  that  the  center  of  the 
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arc  coincides  with  its  origin  and  the  starting  point  of  the  arc  is  on  its  x axis.  For  the 
case  of  two  arcs,  the  coordinate  system  is  located  at  the  center  of  the  first  picked  arc 
as  the  previous  case.  The  entities  which  are  not  on  the  x-y  plane  of  the  temporary 
coordinate  system  are  projected  onto  this  plane  before  the  calculation  is  undertaken. 

The  trimming  operation  proceeds  in  three  steps.  The  first  step,  described 
above,  is  to  create  a temporary  coordinate  system  and  project  the  entities  onto  its  x-y 
plane  if  needed.  The  second  step  is  to  find  the  intersection  of  the  two  entities  on 
that  plane.  In  the  third  step,  the  intersection  on  the  x-y  plane  is  mapped  back  to  the 
world  coordinate  system  and  made  the  end  point  at  the  trimmed  end  of  the  entity. 
In  the  second  step,  since  the  (projected)  entities  are  on  the  same  plane  at  the  time 
of  calculation,  the  calculation  is  simplified  to  two  dimensions  only.  The  three  cases 
of  intersection  are  shown  in  Figure  4-6.  Again  the  circle  in  the  figure  represents  an 
arc  of  arbitrary  angle.  The  calculation  to  find  the  intersection  point  is  discussed  case 
by  case  in  the  following. 

Figure  4-6a  shows  the  intersection  of  two  lines  on  an  x-y  plane.  The  general 
equation  of  a straight  line  on  a x-y  plane  can  be  written  as  y=mx+c.  For  a straight 
line  passing  two  arbitrary  points,  (xj,  y^)  and  (x2,  y2),  its  equation  written  in  this  form 
will  be 


The  X and  y coordinates  of  the  intersection  point  of  two  arbitrary  lines,  y = m^x + c^ 
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and  y = ni2X+C2,  can  be  found  by  substituting  x = (y-Cj)/nii  into  the  second  equation 
of  line  as 


X 


Cj-C 


2 


m2 -mi 


and 


Cini2-C2mi 

m2 -mi 


(a)  (b) 


(c) 

Figure  4-6  Intersection  of  geometric  entities 

(a)  Intersection  of  two  lines 

(b)  Intersection  of  a line  and  a circle 

(c)  Intersection  of  two  circles 


In  this  system,  a line  (segment)  is  represented  by  its  two  end  points,  so  the  equation 
of  the  line  can  be  obtained  by  substituting  the  coordinates  of  its  two  end  points  into 
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equation  (4.4).  After  both  equations  of  line  are  obtained,  the  x and  y coordinates 
of  the  intersection  point  can  be  calculated  from  equation  (4.5). 

Figure  4-6b  shows  the  intersection  of  a circle  and  a line  on  an  x-y  plane  whose 
origin  is  at  the  center  of  the  circle.  To  calculate  the  coordinates  of  the  intersection 
points,  the  direction  angles  of  the  intersection  points  measured  from  the  center  of 
the  circle  need  to  be  determined  first.  The  distance  from  the  center  of  the  circle, 
which  is  also  the  origin  of  the  x-y  plane  (0,  0),  to  the  line  is 


/m^+1 

if  the  equation  of  the  line  is  y=mx+c.  The  angle  p in  the  figure  can  then  be 
obtained  by  applying 

/3  = cos"\— ) (4.6) 

r 

The  direction  angles  of  the  two  intersection  points  measured  from  the  center  of  the 
circle  are 


Q=a+—+p  and  Q=a-—-^ 

2 2 

4 

where  a is  the  direction  angle  of  the  line.  The  proper  0 is  determined  by  checking 
the  data  of  the  picked  line  and  arc  as  well  as  the  mouse  position.  Then  the  x and 
y coordinates  of  the  intersection  point  on  the  plane  can  be  obtained  from 
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X = r»cos(0)  and  y = r»sin(0) 

Figure  4-6c  shows  the  intersection  of  two  circles  on  an  x-y  plane.  The  circles 
are  labelled  circle  1 and  circle  2,  and  the  origin  of  the  x-y  plane  coincides  with  the 
center  of  circle  1.  The  angle  a is  the  direction  angle  of  the  center  of  circle  2.  The 
angle  )0  can  be  obtained  from 


(4.8) 


Here  r^  and  T2  are  the  radii  of  the  two  circles  and  d is  the  distance  between  the 
centers  of  the  circles.  The  direction  angles  of  the  two  intersection  points  measured 
from  the  center  of  circle  1 are  6 = a + /3  and  d = a-0.  Again,  the  appropriate  0 is 
obtained  by  checking  the  arcs’  data  and  mouse  position  when  the  arcs  were  picked. 
The  X and  y coordinates  of  the  intersection  point  can  then  be  obtained  from 

X = rj»cos(0)  and  y = ri*sin(0) 

The  procedure  discussed  above  is  for  finding  the  intersection  point  on  the  x-y 
plane,  which  is  the  point  (x,  y,  0)  in  the  temporary  coordinate  system.  The  trim 
command  is  completed  by  transforming  (x,  y,  0)  back  to  the  world  coordinates  and 
replacing  the  trimmed  end  point. 

The  "Extend"  command  extends  an  entity  to  another  virtually  intersecting 
entity.  As  the  trimming  operation,  the  entities  are  picked  by  the  user  on  the  screen 
and  the  extending  operation  proceeds  in  three  steps  also.  The  first  two  steps. 
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constructing  the  temporary  coordinate  system  and  calculating  the  intersection  point, 
is  identical  to  that  of  the  trimming  operation.  However,  the  intersection  point  for 
the  extending  operation  shall  be  at  an  extension  place  of  the  first  picked  entity. 
Then,  in  the  third  step,  the  end  point  of  first  picked  entity  at  the  extending  end  is 
replaced  with  the  virtual  intersection  point. 

4.2.5  Erase 

This  command  is  for  erasing  created  entities.  The  entity  to  be  erased  is 
picked  by  the  user.  The  picked  entity  is  pulled  out  from  the  linked  list  of  the  created 
entities  first  and  then  the  memory  space  of  the  structures  containing  the  data  of  that 
entity  is  freed.  The  "delete"  function  in  C+  + language  is  used  to  free  the  memory 
space  of  a whole  structure  at  a time.  The  space  of  structure  line  or  structure  arc  of 
the  picked  entity  is  freed  first,  and  then  the  space  of  structure  Element  is  freed. 

4.3  View  Functions 

The  created  entities  are  displayed  in  the  drawing  area  of  the  screen  using  the 
3-D  computer  graphics  technique  described  in  sections  2.1  and  2.2.  It  is  stated  there 
that  each  entity,  initially  described  by  the  world  coordinate,  is  transformed  into  the 
ortho  coordinate  by  using  equation  (2.7)  and  is  transformed  again  to  the  screen 
coordinate  by  using  equations  (2. 1)  and  (2.2).  Then  the  entity  can  be  displayed  on 
the  screen  with  the  screen  coordinate.  The  transformation  matrix  T,  which 
transforms  from  world  coordinate  to  ortho  coordinate,  in  equation  (2.7)  determines 
the  direction  of  view  and  scale  of  the  display. 
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The  commands  in  the  "View"  menu  are  built  to  let  the  user  look  at  the 
created  entities  in  different  direction  of  views  and  scales.  All  the  functions  of  these 
commands  except  the  "Redraw"  command  change  either  the  direction  of  view  or  the 
scale  of  the  display  by  changing  the  matrix  T.  The  "Redraw"  command  only  clears 
the  drawing  area  and  draws  all  the  entities  again  without  any  change.  All  the  other 
commands  use  the  same  procedure:  clear  the  drawing  area  first,  then  change  the  T 
matrix  with  the  new  direction  or  scale,  and  finally  draw  entities  with  the  new  T 
matrix.  The  construction  of  the  matrix  T for  these  commands  is  discussed  in  the 
following. 

4.3.1  Topview.  Frontview.  Rightview.  Isoview  and  Rotate 

These  five  commands  are  used  to  change  the  direction  of  view  of  the  display. 
Changing  the  direction  of  view  is  equivalent  to  rotating  the  world  coordinate  system 
so  that  the  geometric  entities  described  by  the  world  coordinate  are  rotated  also. 
The  method  for  the  rotation  of  coordinate  system  and  the  scheme  for  updating  the 
transformation  matrix  T are  detailed  in  section  2.1  and  is  not  to  be  repeated  here. 
The  discussion  for  these  five  commands  is  focused  on  the  process  of  rotation, 

"Topview"  is  the  default  direction  of  view  of  this  system.  This  view  let  the 
user  look  from  the  top  of  the  z-axis  toward  the  x-y  plane  in  the  world  coordinate 
system.  Selecting  the  view  in  this  direction  causes  the  transform  matrix  T to  be 
initialized  by  applying  equation  (2.13)  with  the  current  range  of  drawing  area. 


68 


"Frontview",  "Rightview",  or  "Isoview"  is  accomplished  by  rotating  the  world 
coordinate  system  from  the  orientation  for  "Topview".  The  transform  matrix  for  each 
view  can  be  obtained  by  pre-multiplying  the  corresponding  rotation  matrix(ces)  to  the 
transform  matrix  T for  "Topview".  "Frontview",  viewing  from  the  top  of  y axis,  is 
obtained  by  rotating  -90  degrees  about  x axis  from  the  "Topview".  "Rightview"  let  the 
user  look  from  the  top  of  x axis.  It  is  obtained  by  rotating  -90  degrees  about  the  x 
axis  followed  by  rotating  another  -90  degrees  about  the  z axis  from  the  "Topview". 
"Isoview"  is  an  isometric  view,  which  requires  rotation  about  the  three  principle  axes. 
This  view  is  implemented  by  rotating  -80  degrees  about  the  x axis,  then  -25  degrees 
about  the  z axis  and  then  -20  degrees  about  the  y axis.  The  order  of  rotation  is 
important  and  cannot  be  changed. 

"Rotate"  allows  the  user  to  dynamically  change  the  direction  of  view  through 
the  movement  of  mouse.  The  direction  of  view  is  changed  by  pressing  the  left  mouse 
button  and  moving  the  mouse  position  simultaneously.  Sliding  the  mouse  right 
causes  a negative  rotation  about  the  x axis  of  the  world  coordinate  system  and  sliding 
the  mouse  up  causes  a positive  rotation  about  the  z axis.  When  simultaneously 
moving  the  mouse  horizontally  and  vertically,  the  rotation  about  the  x axis  is 
undertaken  first. 

4.3.2  Zoom  and  Extents 

The  "Zoom"  and  "Extents"  commands  change  the  display  scale  of  the  entities 
on  the  screen.  The  "Zoom"  command  scales  a specified  rectangular  region  in  the 
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drawing  area  up  to  fit  the  whole  drawing  area.  The  region  is  specified  by  the  user 
through  the  operation  of  mouse  in  two  steps.  The  first  step  is  to  position  the  mouse 
at  the  top  left  corner  of  the  region  to  be  scaled  and  click  the  left  mouse  button.  The 
next  step  is  to  move  the  mouse  toward  the  right  bottom  corner  of  that  region,  which 
is  marked  by  dashed  lines  updated  with  the  movement  of  the  mouse,  and  then  click 
the  left  mouse  button  again.  The  marked  region  is  scaled  to  fit  the  whole  drawing 
area  by  replacing  the  range  of  the  drawing  area  with  that  of  the  marked  region.  It 
is  described  in  section  3.2  that  the  world  coordinates  of  the  mouse  position  in  the 
drawing  area  are  updated  with  the  mouse  movement  and  are  displayed  in  the 
message  area.  So  the  values  of  the  range  of  the  marked  region  can  be  obtained 
when  the  mouse  button  is  clicked.  The  rest  of  the  zooming  process  replaces  the 
range  of  the  drawing  area  with  the  new  values,  updates  the  transform  matrix,  and 
redraws  the  entities. 

The  "Extents"  command  is  used  for  drawing  all  created  entities  at  the  scale  to 
fit  in  the  whole  drawing  area  with  a margin.  As  the  "Zoom"  command,  this 
command  is  implemented  by  changing  the  range  of  the  drawing  area  as  well.  The 
function  for  this  command  first  obtains  the  largest  and  smallest  values  of  the  x and 
y coordinates  of  all  of  the  entities  in  the  current  direction  of  view.  Then  all  of  the 
entities  are  displayed  at  center  of  the  drawing  area  by  replacing  the  range  of  the 
drawing  area  with  these  x and  y values.  Figure  3-2  shows  the  display  of  the  screen 


after  the  "Extents"  command. 
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4.4  Miscellaneous  Functions 

Besides  the  functions  discussed  in  the  previous  sections,  a CAD/CAM  system 
also  needs  to  provide  some  other  functions  so  that  the  system  can  become  more 
complete  and  useful.  For  example,  the  constructed  objects  (created  entities)  should 
be  able  to  be  saved  to  file  permanently  and  retrieved  from  the  file  when  needed.  In 
this  section  the  functions  which  handle  file  related  work,  display  data  of  elementary 
entities,  and  change  the  settings  of  the  system  are  discussed.  They  are  the  functions 
activated  by  the  commands  in  "File",  "Analyze"  and  "Setting"  menus. 

4.4.1  File  Handling  Functions 

Three  file  related  commands(New,  Load  and  Save)  are  listed  in  the  "File" 
menu.  The  "New"  command  is  used  for  starting  a new  drawing.  If  the  system 
contains  any  created  entity  when  this  command  is  activated,  it  prompts  the  user  if  he 
wants  to  discard  the  current  drawing.  Entering  "y"(yes)  erases  all  created  entities  so 
that  the  user  can  start  a new  drawing.  Entering  "n"(no)  cancels  this  command 
without  changing  anything. 

The  "Save"  command  is  used  for  saving  all  created  entities  to  a file.  The 
saving  operation  is  done  by  using  the  function  fwrite(  ),  which  writes  the  contents  of 
a structure  to  a file  at  a time  in  binary  form.  It  was  described  in  section  4.1  that  the 
data  of  a created  entity  in  the  linked  list  is  kept  in  two  structures,  structure  Element 
and  structure  line  or  arc.  Therefore  two  fwrite( ) statements  are  needed  to  save  the 
data  of  an  entity.  The  first  writing  statement. 
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fwrite(  TmpPr,  sizeof(Element),  1,  fptr  ); 

writes  the  contents  of  the  structure  Element  pointed  by  pointer  TmpPr  to  the  file 
referred  by  fptr.  The  second  writing  statement  depends  on  the  type  of  the  entity. 
For  a line  type  entity,  it  is 

fwrite(  TmpPr- >t.Ln,  sizeof(line),  1,  fptr  ); 

For  an  arc  type  entity,  it  is 

fwrite(  TmpPr- > t. Arc,  sizeof(arc),  1,  fptr  ); 

These  two  writing  operations  are  repeated  for  all  of  the  created  entities. 

The  "Load"  command  is  used  for  retrieving  the  entities  saved  in  a file.  The 
loading  operation  is  done  by  fread(  ),  the  complementary  function  of  fwrite(  ).  In 
the  same  way  as  writing  to  a file,  the  reading  of  an  entity  needs  two  fread(  ) 
statements.  Before  a reading  statement,  the  memory  space  of  the  entity  to  be  read 
from  the  file  is  allocated.  Then  the  reading  statement, 

fread(  TmpPr,  sizeof(Element),  1,  fptr  ); 

reads  the  data  of  an  Element  structure  from  the  file  referred  by  fptr  and  stores  these 
data  to  the  memory  space  pointed  by  TmpPr.  The  second  reading  statement  is  entity 
type  dependent  also.  It  is  either 


fread(  TmpPr- >t.Ln,  sizeof(line),  1,  fptr  ); 
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for  a line  or 

fread(  TmpPr- > t.Arc,  sizeof(arc),  1,  fptr  ); 

for  an  arc.  The  linked  list  of  the  entities  are  built  along  with  the  reading  process. 
The  reading  procedure  is  repeated  until  all  of  the  entities  in  the  file  are  read. 

4.4.2  Analysis  and  Setting  Functions 

The  "Element"  command  in  the  "Analyze"  menu  is  used  to  display  the  data  of 
the  entity  picked  by  the  user  on  the  screen.  The  data  of  the  picked  entity  is 
displayed  in  a pop-up  window.  Pressing  any  key  on  the  keyboard  restores  the  screen. 

The  "Draw  area"  command  in  the  "Setting"  menu  is  used  to  change  the  range 
of  the  drawing  area.  A window  pops  up  for  specifying  the  change.  Figure  4-7  shows 
the  display  of  the  window.  The  rectangle  at  the  center  of  the  window  represents  the 
four  boundaries  of  the  drawing  area.  The  numbers  by  the  side  of  the  boundaries  are 
the  coordinates  of  the  boundaries.  The  user  can  change  a number  by  positioning  the 
mouse  in  the  field  of  the  number  and  pressing  the  left  mouse  button.  A cursor 
appears  at  the  field  for  that  number  to  allow  keying  in  of  a new  number. 

The  "Coordinate"  command  in  the  "Setting"  menu  allows  the  changing  of  the 
current  construction  coordinate  system,  or  work  coordinate  system.  A window 
displayed  as  Figure  4-8  pops  up  to  let  the  user  select  a new  work  coordinate  system 
or  define  a new  one.  Listed  in  the  upper  region  of  the  window  are  several  options. 
To  make  a selection,  the  user  needs  to  position  the  mouse  within  the  brackets  of  that 
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selection  and  press  the  left  mouse  button.  An  "X"  mark  shows  up  between  the 
brackets  to  indicate  the  current  selection  and  the  "X"  mark  at  the  old  option  is 
erased.  The  coordinate  systems  of  the  first  three  selections  are  pre-defined.  If  one 
of  them  is  selected,  the  information  of  that  coordinate  system  is  automatically 
displayed  in  the  lower  region.  The  fourth  selection  allows  the  user  to  define  a new 
work  coordinate  system. 
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Figure  4-7  Pop-up  window  for  changing  range  of  drawing  area 


Figure  4-8  Pop-up  window  for  changing  work  coordinate  system 


CHAPTERS 

TOOL  PATH  CALCULATION 


This  chapter  deals  with  the  approaches  used  in  the  tool  path  generation 
routines  of  the  system  to  determine  the  tool  path  for  machining  a given  geometry. 
The  inputs  to  the  tool  path  generation  function  are  the  pertinent  data  and  the  profile 
or  pocket  boundary  for  a machining  operation,  and  the  output  is  a series  of  line  and 
arc  segments  symbolizing  the  motion  of  the  tool,  that  is  the  tool  path.  The  data  for 
each  line  or  arc  segment  is  stored  in  the  memory  after  it  is  calculated.  These 
segments  are  linked  in  the  order  of  the  tool  motion  to  form  the  tool  path. 

Three  types  of  tool  path  generation  functions  --  contouring,  spiral  pocketing 
and  zigzag  pocketing  — are  provided  in  this  system.  The  contouring  function  finds 
the  tool  path  for  the  machining  along  a given  profile,  either  closed  or  non-closed. 
The  pocketing  functions  generate  the  tool  path  for  machining  a 2-D  or  3-D  pocket, 
whose  boundary  can  be  either  closed  or  half-open(see  Figure  1-5).  The  tool  path  for 
contouring  is  the  offset  of  the  profile.  The  tool  path  for  spiral  pocketing  is  the 
successively  shrunk  offsets  of  the  given  boundary.  The  zigzag  tool  path  is  obtained 
by  cormecting  successive  offsets  from  a line  segment  of  the  pocket  boundary. 

A typical  pocketing  process  proceeds  level  by  level.  This  means  the  machine 
tool  is  commanded  to  cut  the  work  piece  all  in  one  plane  surface,  and  then  proceeds 
to  the  next  level.  The  tool  paths  are  all  on  the  same  plane  or  parallel  to  a plane 
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except  for  the  motion  to  another  surface.  For  a three-axis  milling  machine,  the 
cutting  surfaces  are  parallel  to  the  x-y  plane.  So  all  of  the  discussion  in  this  chapter 
are  2-D  and  on  the  x-y  plane.  The  z coordinate  of  a cutting  surface  in  the  motion 
command  can  be  given  at  the  postprocessing  stage. 

5.1  Boundary  and  Tool  Path  Segments 

The  tool  path  generation  functions  of  this  system  take  the  wireframe,  which 
requires  connected  lines  and  arcs  specified  by  the  user,  of  the  profile  or  pocket 
boundary  as  the  input  and  generate  the  tool  path,  which  is  a series  of  line  and  arc 
segments  symbolizing  linear  and  circular  tool  motions,  for  machining  along  the 
profile  or  pocketing.  Since  the  tool  path  calculation  is  2-D  only  and  will  be  on  the 
x-y  plane,  all  the  selected  boundary  entities  are  projected  onto  the  plane  for 
calculation,  and  the  calculated  tool  path  segments  are  2-D  also.  It  should  be  noted 
here  that  only  the  arcs  parallel  to  the  x-y  plane  can  be  selected  as  a segment  of  the 
boundary,  because  the  projected  curve  on  the  x-y  plane  of  an  arc  not  parallel  to  the 
plane  is  not  an  arc.  Since  both  projected  boundary  segments  and  tool  path  segments 
are  2-D,  their  data  can  be  held  in  the  same  structures.  This  means  the  structure  used 
to  hold  the  data  for  a line  segment  of  the  boundary  can  be  the  same  as  that  for  a 
line  segment  of  the  tool  path.  The  same  applies  for  an  arc  segment. 

The  data  of  a 2-D  line  segment  is  held  in  structure  P_line  declared  as: 

struct  P_line 
{ float  Sx,  Sy, 

Ex,  Ey, 

DA; 

}; 


76 


This  structure  holds  the  coordinates  of  the  starting  point  as  (Sx,  Sy),  the  coordinates 
of  the  ending  point  as  (Ex,  Ey),  and  the  direction  angle  of  the  line  segment  obtained 
from  the  statement 

DA  = atan2(Ey-Sy,  Ex-Sx); 

The  data  of  an  arc  segment  is  contained  in  structure  P_arc  declared  by  the  following 
statements: 


struct  P_arc 
{ float  Sx,  Sy, 
Ex,  Ey, 
Rd, 

Cx,  Cy, 
SA,  EA; 

}; 


This  structure  contains  the  coordinates  of  the  arc  center  (Cx,  Cy),  the  starting  point 


(Sx,  Sy),  the  ending  point  (Ex,  Ey),  the  arc  radius,  and  the  direction  angles  of  the 
starting  and  ending  points  measured  from  the  arc  center.  A schematic  illustration 


of  the  data  in  structure  P arc  is  given  in  Figure  5-1. 


Figure  5-1  Schematic  illustration  for  the  data  in  structure  P arc 
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Besides  the  data  of  each  segment  described  in  the  above,  there  are  some 
other  pertinent  data  such  as  the  offset  distance  that  must  be  kept  with  the  segment. 
In  addition,  both  boundary  and  tool  path  segments  are  linked  as  a circularly-doubly- 
linked  list.  The  linkage  information  is  also  kept  for  tracing.  To  hold  these  data  and 
information,  another  structure  is  required  for  each  segment.  This  structure  can  be 
independent  of  the  segment  type  (line  or  arc),  while  the  boundary  segment  and  tool 
path  segment  need  different  structures  to  fulfill  their  individual  needs.  The  Periphery 
structure,  declared  by  the  statements 


struct  Periphery 
{ union  Path_Pointer  t; 
char  Tp; 
float  Ofst; 

struct  Periphery  *p,  *n; 
struct  Element  *e; 
struct  Wall  *Wst 

}; 


is  for  the  boundary  segment.  In  this  structure,  "Tp"  is  an  integer  indicating  the  type 
of  the  segment  (2  for  a line  and  3 for  an  arc)  referred  by  this  structure.  The  variable 
"t"  is  a pointer  of  union  Path_Pointer  type.  The  Path_Pointer  union  is  declared 
before  the  structure  PathLoop  as: 


union  Path_Pointer 
{ struct  P_line  *PL; 
struct  P_arc  *PA; 

}; 


It  is  a pointer  of  either  structure  P line  or  structure  P arc.  The  type  of  pointer  to 
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be  used  is  decided  by  the  number  in  "Tp".  The  variable  "Ofst"  is  the  offset  distance 
of  the  segment  for  calculating  the  tool  path.  The  offset  distance  is  either  the  sum  of 
the  tool  radius  or  zero,  depending  on  whether  the  boundary  segment  is  to  be  crossed 
by  the  tool  or  not.  The  pointers  "p"  and  "n"  will  be  used  to  point  to  the  previous  and 
next  segment  in  the  linked  list,  whose  data  is  hold  by  another  Periphery  structure  and 
a P_arc  or  P_line  structure.  The  pointer  "e"  is  to  point  to  the  geometric  entity  which 
is  projected  to  become  the  boundary  segment.  The  final  variable,  pointer  "WSt",  is 
used  in  3-D  pocketing  routine  to  point  to  the  corresponding  curved  wall. 

For  a tool  path  segment,  the  PathLoop  structure  declared  by  the  statements 

struct  PathLoop 
{ union  Path_Pointer  t; 
char  Tp; 
float  Os; 

struct  PathLoop  *p,  *n; 

}; 

is  used  to  hold  the  linkage  information  and  offset  distance  for  it.  The  purpose  of  the 
variables  "t",  "Tp",  "p"  and  "n"  is  the  same  as  those  in  structure  Periphery.  "Os"  is  the 
offset  distance  of  the  segment  whose  value  is  decided  by  the  radial  immersion. 

The  structures  introduced  in  this  section  are  able  to  form  a circularly-doubly- 
linked  list  of  the  boundary  segments  and  a chain(or  loop)  of  tool  path  segments.  For 
a tool  path  of  multiple  loops  such  as  a spiral  pocketing  one,  a more  complex  data 
structure,  which  needs  more  structures  (of  C language),  is  needed  to  link  the  whole 
path.  These  structures  will  be  introduced  in  the  section  of  spiral  pocketing.  Again 
the  memory  space  for  the  structures  that  holds  the  segment  data  is  allocated 
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dynamically  when  needed  during  system  operation  and  the  system  can  generate  as 
many  tool  path  segments  as  the  computer’s  memory  can  accommodate. 

5.2  Related  Computational  Geometry 

The  tool  path  generated  in  this  system  is  the  (successive)  offset(s)  of  the  given 
profile  or  pocket  boundary,  hence  finding  offsets  is  a essential  and  repeated  work  in 
calculating  the  tool  path.  For  a geometric  entity,  an  offset  can  be  found  on  either 
side,  and  it  is  necessary  to  first  determine  the  side  to  offset.  For  the  segment  in  a 
pocket  boundary,  the  side  to  offset  to  is  dictated  by  the  orientation  of  the  boundary, 
which  can  be  identified  by  the  winding  number  of  the  boundary.  The  orientation  of 
an  offset  loop,  after  comparing  with  its  original  loop,  also  decides  whether  the  loop 
shall  be  discarded  or  kept  as  a shrunk  tool  path  loop. 

The  primary  task  of  the  tool  path  generation  function  is  the  computation  of 
offsets  representing  the  tool  motion  segments.  With  the  new  tool  path  computation 
approach  used  in  this  system,  the  offset  of  a boundary  segment  or  tool  path  segment 
is  determined  by  the  offset  intersection  points  of  that  segment  with  its  adjacent 
segments.  The  offset  computation,  which  is  made  up  of  the  calculation  for  the  offset 
intersection  points  according  to  the  previous  statement,  is  reiterated  until  all  of 
necessary  tool  path  is  determined. 

In  this  section,  the  concept  of  winding  number  is  introduced  along  with  the 
computation  method  first.  The  computation  approach  for  determining  the  offset 
intersection  of  two  segments  is  described  thereafter. 
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5.2.1  The  Winding  Number 

The  concept  of  the  winding  number[22]  can  be  used  to  find  the  relationship 
between  a piecewise  smooth  closed  curve  and  a point  which  is  not  on  the  curve.  Let 
C = f(x,  y)  be  a simple  closed  curve  on  a plane  and  P = (%  yo)  be  a point  which  is  not 
on  C.  Then  the  winding  number  W of  curve  C with  respect  to  point  P is  defined  to 
be  the  value  of  the  line  integral 


1 r -(y-yo)<iJ‘'^(*-Xo)dy 
(x-x„)2*(y-y„)^ 


The  value  of  this  integral  is  0 if  P is  outside  C,  and  is  + 1 or  -1  if  P is  inside  C. 
When  P is  inside  C,  the  value  is  related  to  the  orientation  of  C.  More  specifically, 
the  winding  number  equals  to  + 1 if  C is  counterclockwise(CCW),  -1  if  C is  clockwise 
(CW).  Figure  5-2  shows  the  relationship  between  the  winding  number  and  the  curve. 


c c c 


Winding  number  = 1 Winding  number  = —1  Winding  number  = 0 


Figure  5-2  Relationship  between  a closed  curve  and  its  winding  number 

In  this  system  the  boundary  of  a pocket  or  the  loop  of  a tool  path  is  a simple 
closed  curve  composed  of  line  and  arc  segments.  The  winding  number  of  a such 
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curve  can  be  obtained  by  calculating  the  summation 


n 


w = £w, 


(52) 


i=l 


where  n is  the  number  of  segment  constituting  the  loop  and  Wj  is  the  winding 


number  of  each  segment  which  can  be  calculated  by  the  following  integral: 


is  the  parametric  equation  of  the  segment,  and  Xj’(t)  and  Y;’(t)  are  the  first 
derivatives  of  X;(t)  and  Yj(t),  respectively,  with  respect  to  t. 

The  parametric  equation  of  the  segment  is  type  dependent.  For  a line 
segment  which  has  the  starting  point  (x^.,  y^)  and  ending  point  (x^,  y^),  the  Xj(t)  and 
Yj(t)  are  expressed  as 


(53) 


Here  (xq,  yo)  is  the  coordinates  of  a point  inside  the  loop. 


f(t)  = X(t)i+Y(t)j  a < t < b 


Xi(t)  = X,  + t(x^-xj 


0 < t < 1 


(5.4) 


Yi(t)  =y,  + t(y^-ys) 


For  an  arc  segment,  they  are  expressed  as 


Xj(t)  = + r*cos(t) 

Yi(t)  = Yc  + r*sin(t) 
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6,  < t < 0e 


(5.5) 


where  (x^,  y,.)  is  the  coordinates  of  the  arc  center,  r is  the  arc  radius,  is  the  starting 
angle  of  the  arc  , and  0^  is  the  ending  angle. 

The  orientation  of  the  pocket  boundary  or  a tool  path  loop  can  be  determined 
by  computing  its  winding  number  by  applying  equations  (5.2)  to  (5.5)  with  respect  to 
any  point  inside  it. 

5.2.2  Offset  Intersection  of  Two  Segments 

Line  and  arc  are  the  two  types  of  segment  encountered  in  calculating  the  tool 
path,  so  there  are  three  cases  of  offset  intersection:  intersection  of  two  lines, 
intersection  of  a line  and  an  arc,  and  intersection  of  two  arcs.  The  approaches  for 
finding  offset  intersections  are  discussed  case  by  case  in  the  following. 

Finding  the  offset  intersection  of  two  lines  requires  finding  the  intersection  of 
the  two  offset  lines.  A line  segment  in  the  tool  path  or  pocket  boundary  is  specified 
by  its  two  end  points.  The  equation  of  a line  in  the  form  of  y=mx+c  can  be 
obtained  by  substituting  the  coordinates  of  the  two  end  points  into  equation  (4.4). 
Figure  5-3  shows  the  two  offsets  on  the  two  sides  of  the  line  with  offset  distance  d. 
If  the  direction  of  the  line  is  defined  as  from  the  starting  point  to  the  ending  point, 
the  equation  of  the  left  offset  is 

d 

COS0 


y = mx+c+ 


(5.6) 
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and  the  equation  of  the  right  offset  is 


d 

y = mx+c- 

COS0 


where  0 is  the  direction  angle  of  the  line,  as  indicated  in  Figure  5-3.  In  practice, 
only  one  offset  is  used  to  determine  the  intersection,  and  it  is  decided  by  the 
orientation  of  the  loop:  the  left  offset  is  used  if  the  loop  is  CCW,  right  offset  if  CW, 
After  the  equations  of  the  two  offset  lines  are  obtained,  the  coordinates  of  the 
intersection  point  can  be  calculated  from  equation  (4.5). 


Figure  5-3  A line  with  its  two  offsets 


As  in  the  previous  case,  finding  the  offset  intersection  of  a line  and  an  arc 
requires  obtaining  the  offset  line  and  arc  first  and  then  determining  the  intersection 
of  the  two  offsets.  The  approach  to  obtaining  the  offset  line  is  the  same  as  in  the 
previous  case.  The  change  of  the  offset  arc  from  the  original  arc  is  on  the  radius, 
because  circle  is  used  to  represent  an  arc  of  arbitrary  angle  range  in  the  calculation. 
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and  the  arc  center  is  not  changed  for  offsetting.  If  the  orientation  (CW  or  CCW)  of 
the  arc  and  the  loop  is  the  same,  the  radius  of  the  offset  arc  will  be  smaller  than  that 
of  the  original  arc  in  the  amount  of  the  offset  distance.  If  the  orientation  is  different, 
the  radius  is  increased  for  offset.  Figure  5-4a  shows  the  offsets  of  a line  and  an  arc. 
Once  the  offsets  of  the  line  and  arc  are  obtained,  the  coordinates  of  the  intersection 
point  can  be  calculated  from  the  following  approach. 


Figure  5-4  Determining  offset  intersection  of  a line  and  an  arc 

(a)  Offsets  of  a line  and  an  arc 

(b)  Intersections  of  a line  and  a circle 


Figure  5-4b  shows  a line  intersecting  a circle.  The  line  y=mx-i-c  represents 
an  offset  line  and  the  circle  is  an  offset  arc  of  an  arbitrary  angle  range.  The  distance 
d from  the  arc  center  (x^.,  y^)  to  the  line  can  be  calculated  as 


d = (y^.-mXj.-c)cosa 


where  a is  the  direction  angle  of  the  line  as  shown  in  the  figure.  The  angle  /3  is  then 

13  = cos"^(— ) 

r 


(5.9) 
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where  r is  the  radius  of  the  circle.  And  the  direction  angles  of  the  two  intersection 


point  measured  from  the  arc  center,  Gj  and  63,  are 


0.  = a+— +/3  and  0,  = a-— - 
^ 2 ^ 2 


The  one  corresponding  to  the  desired  intersection  depends  on  the  order  of  the  line 


and  arc.  If  the  path  is  from  line  to  arc,  0^  is  taken.  If  it  is  from  arc  to  line,  02  is 


taken.  After  the  angle  of  the  intersection  point  0 is  determined,  the  x and  y 


coordinates  can  be  obtained  from 


X = x^+r*cos(0)  and  y = yc+r»sin(0) 


As  in  the  previous  cases,  to  find  the  offset  intersection  of  two  arcs,  the  two 


offset  arcs  are  first  obtained  and  then  the  intersection  is  determined.  Figure  5-5a 


shows  the  offsets  of  two  arcs.  The  approach  to  obtain  the  offset  arcs  has  already 


been  described  in  the  previous  case  and  is  not  repeated  here. 


Figure  5-5  Determine  offset  intersection  of  two  arcs 

(a)  Offsets  of  two  arcs 

(b)  Intersections  of  two  circles 
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In  Figure  5-5b,  two  circles  are  used  to  represent  two  offset  arcs  of  arbitrary 
angle  ranges.  Circle  1 is  arbitrarily  selected  to  be  the  base  for  the  calculation.  The 
angle  ^ is  the  angle  between  the  line  of  centers  and  the  line  from  the  center  of  circle 
1 to  an  intersection  point.  By  using  law  of  cosines,  its  value  can  be  computed  as 

r ^+d  ^-r  ^ 

= cos-H-.^  (5-10) 

2rjd 

where  rj  and  X2  are  the  radii  of  the  two  circles  and  d is  the  distance  between  the 
center  of  the  two  circles,  (xj,  y^)  and  (X2,  y2),  calculated  from  the  formula 

d = \/(y2-yi)^+(x2-Xi)^ 

It  can  be  seen  from  the  figure  that  the  direction  angles  of  the  two  intersection  points 
measured  from  the  center  of  circle  1 are  a + )3  and  a-p,  where  a is  the  direction  angle 
of  the  center  of  circle  2 measured  from  the  center  of  circle  1.  The  intersection  point 
wanted  is  the  one  closer  to  the  original  intersection  and  the  angle  0 corresponds  to 
that  point  is  selected  by  checking  the  orientation  of  arc  1 (corresponding  to  circle  1). 
If  arc  1 is  CW,  0 equals  to  a + for  starting  offset  intersection,  a-/3  for  ending  offset 
intersection.  If  arc  1 is  CCW,  0 equals  to  a-/3  for  starting  offset  intersection,  a + /3 
for  ending  offset  intersection.  After  the  angle  0 is  selected,  the  coordinates  of  the 
intersection  point  can  be  computed  from 
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X = Xi  + ricos(0)  and  y = yi  + risin(0) 

The  approach  of  finding  the  offset  intersection  described  in  this  section  is  used 
to  determine  the  offsets  in  the  tool  path  generation  functions  discussed  in  the  next 
sections.  The  offset  of  a segment  is  determined  by  its  two  end  points,  which  are  the 
two  offset  intersections  of  the  segment.  The  offset  intersection  is  obtained  in  two 
steps:  obtaining  the  offset  first  and  then  determining  their  intersections.  It  should 
be  noted  here  that  during  the  discussion,  no  restriction  was  imposed  on  the  offset 
distance  to  obtain  the  offset  from  the  original  segment.  Therefore  this  approach  can 
be  used  to  find  offsets  even  if  the  offset  distances  of  the  segments  are  different. 

5.3  Contouring 

The  contouring  function  is  used  to  generate  the  tool  path  for  the  machining 
on  either  side  of  a profile  specified  by  the  user.  Before  the  profile  is  specified,  a 
window  pops  up  at  center  of  the  screen  to  allow  the  user  to  change  the  cutting 
parameters  or  related  data.  This  window,  as  shown  in  Figure  5-6,  appears  for  every 
tool  path  generation  function  in  this  system. 

The  data  in  the  top  two  fields,  "File  name"  and  "Prog  #"(program  number), 
are  used  when  the  generated  tool  path  is  being  converted  into  a NC  program.  The 
file  name  entered  here  will  be  the  file  name  of  the  NC  program  and  the  program 
number  will  be  placed  at  the  beginning  of  the  NC  program.  The  field  below  the  top 
two  fields  allows  the  user  to  enter  an  integer  indicating  the  speed  for  displaying  the 
tool  path  on  the  screen.  The  displaying  speed  is  controlled  by  a delay  between  the 
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showing  of  each  tool  path  segment.  A smaller  number  will  cause  a shorter  delay  and 
thus  a faster  speed.  The  fields  in  the  third  line  are  the  coordinates  of  the  initial 
position  of  the  tool  before  the  machining  operation  of  the  generated  tool  path  is 
started.  The  clearance  plane  is  a x-y  plane  defined  by  a z coordinate  for  a three-axis 
machining  operation.  This  plane  is  defined  so  that  the  tool  will  not  collide  with  the 
clamps  or  workpiece  if  it  moves  in  the  space  above  the  plane.  Usually  when  the  tool 
moves  in  air,  it  goes  up  vertically  to  the  clearance  plane  first,  then  moves  to  its 
destination  on  that  plane,  and  then  goes  down. 
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Figure  5-6  Pop-up  window  for  tool  path  generation 


The  tool  radius  and  the  tool  corner  radius  together  give  the  shape  of  the  tool. 
Tool  radius  is  the  radius  of  the  cross  section  of  the  tool.  The  tool  corner  radius  is 
the  fillet  radius  at  the  cutting  edge  of  a bull  nose  tool.  For  a ball  nose  tool,  the  tool 
corner  radius  equals  to  the  tool  radius.  For  a square  end  tool,  the  tool  corner  radius 
is  zero.  The  radial  immersion  is  the  extent  of  the  tool  engagement  with  the  work 


piece  in  the  radial  direction.  This  number  is  greater  than  zero  but  not  greater  than 
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1.0.  If  Rj,  Tf  and  represent  the  radial  immersion,  tool  radius  and  tool  corner  radius 
respectively,  the  radial  immersion  can  be  converted  to  a value  in  length,  which  is 
used  as  the  offset  distance  in  calculating  the  tool  path,  by  the  formula: 

O,  = 2 X Rj  X (r,  - r,)  (5.11) 

The  finish  thickness  is  the  thickness  of  the  material  to  be  left  along  the  given 
boundary.  This  field  is  given  a non-zero  value  when  a finish  machining  is  desired. 

The  four  fields  at  the  left  bottom  are  the  feedrates  used  for  different  tool 
motions.  The  first  one(Gl),  is  the  feedrate  for  the  linear  motion  of  cutting.  The 
second  one(G2/3)  is  for  the  circular  motion.  The  feedrate  of  a small-radius  circular 
motion  in  high  speed  milling  should  be  low,  otherwise  the  actual  tool  motion  will  be 
nearly  linear  due  to  insufficient  time  for  acceleration.  The  third  feedrate  is  for  the 
z axis  included  linear  motion,  which  is  slow  typically  because  the  whole  spindle  is 
moving  with  z-axis  motion.  The  fourth  feedrate  is  for  the  horizontal  motion  in  air 
above  the  clearance  plane  and  it  is  allowed  to  be  fast. 

The  final  three  fields  located  on  the  right  of  the  feedrate  fields  are  the  z- 
depth  fields.  The  depth  of  cut  is  the  amount  of  the  tool  engagement  with  the  work 
piece  in  the  axial  direction.  For  a three-axis  machining,  this  is  the  distance  between 
each  level  plane  of  cut  in  the  z direction.  The  value  in  the  'Top  z level"  field  is  the 
highest  z level  where  the  tool  is  expected  to  start  cutting  the  workpiece.  The  bottom 
z level  is  the  lowest  level  plane  of  cut.  The  meaning  of  the  three  values  to  the  tool 
path  generation  functions  is  that  the  tool  path  in  the  given  boundary  is  generated 
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from  the  top  z level  down  to  the  bottom  z level  at  an  interval  equal  to  the  depth  of 
cut. 

The  tool  path  generation  function  calculates  the  tool  path  according  to  the 
values  previously  entered  through  the  pop-up  window.  The  contouring  function  also 
allows  the  user  to  select  that  the  profile  to  generate  tool  path  with  is  either  closed 
or  non-closed,  and  to  specify  on  which  side  (left  or  right)  of  the  profile  the  tool  path 
is  to  be  generated.  These  selections  are  made  through  another  window  appears  after 
the  window  just  described  is  closed.  Figure  5-7  shows  two  examples  of  contouring 
tool  path:  one  for  a closed  profile  (Figure  5-7a)  and  the  other  for  a non-closed 
profile  (Figure  5-7b).  The  tool  path  is  on  the  left  hand  side  of  the  profile,  whose 
orientation  is  indicated  by  the  arrow.  Since  the  side  for  generating  tool  path  is 
specified  by  the  user  in  contouring  routine,  the  winding  number  is  not  calculated. 


(a) 

profile  

Figure  5-7  Contouring  tool  path 

(a)  For  closed  profile 


(b)  For  non-closed  profile 


For  a closed  profile,  the  tool  path  is  generated  through  a series  of  offset 
calculations  along  the  profile  starting  from  the  first  segment.  The  offset  distance  is 
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the  sum  of  the  tool  radius  and  finish  thickness.  It  has  been  stated  in  the  previous 
sections  that  the  offset  of  a segment  is  totally  determined  by  the  two  offset 
intersections  of  the  segment  with  its  neighbors  (a  line  offset  is  determined  by  these 
two  points  and  an  arc  offset  is  determined  by  these  two  points  and  the  unchanged  arc 
center),  so  the  offsets  of  the  profile  segments  are  connected  automatically  to  become 
the  offset  of  the  profile.  Since  the  profile  segments  are  linked  as  a circularly-doubly- 
linked  list,  the  neighbors’  data  of  each  segment  can  be  easily  accessed.  Therefore, 
with  the  approach  for  computing  offset  intersection  discussed  in  section  5.2,  the  offset 
calculation  is  a straight  forward  process. 

The  tool  path  generation  procedure  for  a non-closed  profile  is  the  same  as  the 
case  of  closed  profile  except  with  regard  to  the  starting  and  ending  segments  of  the 
profile.  It  can  be  seen  in  Figure  5-7b  that  the  starting  segment  of  a profile  has  no 
previous  neighbor  and  the  ending  segment  has  no  next  neighbor.  Hence  the  approach 
for  computing  the  starting  and  ending  points  of  the  non-closed  contouring  tool  path 
must  be  modified. 

The  offset  end  point  of  the  profile  is  the  offset  end  point  of  its  end  segment, 
which  is  either  a line  or  an  arc.  The  computation  for  finding  the  offset  end  point  of 
a line  and  for  that  of  an  arc  are  obviously  different.  Figure  5-8a  shows  the  offsets 
of  a single  line  segment.  As  shown  in  the  figure,  (Xj.,  yj,  (x^,  y^)  and  0 denote  the 
starting  point,  ending  point  and  direction  angle  of  the  line  segment  respectively.  The 
offset  end  points  can  be  obtained  by  shifting  the  end  points  of  the  segment  in  the 
direction  perpendicular  to  the  segment.  With  the  offset  distance  d,  the  coordinates 
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of  the  end  points  of  the  left  offset  can  be  obtained  from 


+d*  cos(0  + 


and  Yl; 


+d*  sin(0  + 


(5.12) 


and  those  of  the  right  offset  are 


Xi+d*cos(0-^)  and  yjy  = y^+d- sin(0-£) 


(5.13) 


Here  the  subscript  index  i stands  for  s for  the  starting  point,  e for  the  ending  point. 


(xLs.XLs) 


(X 


(XRe.yRe) 


(a)  (b) 

Figure  5-8  Offsets  of  single  segment 

(a)  Of  a line  (b)  Of  an  arc 


Figure  5-8b  shows  the  offsets  of  a single  arc  segment.  It  is  shown  in  the  figure 
that  (Xp,  Yj.),  0j,  0g  and  r denote  the  arc  center,  starting  angle,  ending  angle,  and 
radius  of  the  arc  respectively.  As  in  the  case  of  a line  segment,  the  offset  end  points 
can  be  obtained  by  shifting  original  end  points  perpendicularly.  If  the  offset  distance 
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is  d,  the  coordinates  of  the  end  points  of  the  left  offset  arc  can  be  calculated  from 

Xy  = x^+(r-d)cos0j  and  yy  = yj+(r-d)sin0j  (5.14) 

and  those  of  the  right  offset  are 

Xjy  = Xj.+(r+d)cos0;  and  yjy  = yj.+(r+d)sin0j  (5.15) 

Here  the  subscript  index  i stands  for  either  s for  the  starting  point  or  e for  the  ending 
point. 

From  the  previous  discussion,  it  can  be  found  that  the  procedure  to  generate 
the  tool  path  for  contouring  is  direct  and  straight  forward.  For  a closed  profile,  it 
calculates  the  two  offset  intersection  points,  which  in  turn  determines  the  offset,  for 
each  profile  segment  starting  from  the  first  profile  segment  to  the  last  one.  For  a 
non-closed  profile,  it  follows  the  same  procedure  except  for  the  computation  of  the 
two  end  points  of  the  tool  path.  The  tool  path,  which  is  the  offset  of  the  profile,  is 
a closed  loop  for  a closed  profile,  a non-closed  curve  for  a non-closed  profile.  For 
both  cases,  the  offset  (or  tool  path)  segments  are  linked  as  a circularly-doubly-linked 


list. 
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5.4  Spiral  Pocketing 

The  spiral  pocketing  routine  is  used  to  generate  the  tool  path  for  machining 
pockets  spirally.  The  boundary  of  the  pocket  may  be  either  closed  or  half-open  (see 
Figure  1-5).  For  a half-open  pocket,  some  of  the  boundary  segments  will  be  crossed 
by  the  tool.  Two  spiral  pocketing  routines,  2-D  and  3-D,  are  provided  in  this  system. 
The  2-D  routine  generates  the  tool  path  for  the  machining  of  2V2-D  pockets,  whose 
walls  are  all  vertically  straight.  The  3-D  routine  generates  the  tool  path  for  the 
machining  of  3-D  pockets,  which  contain  at  least  one  curved  wall  (in  the  third 
dimension)  along  the  boundary.  The  window  (shown  in  Figure  5-6)  displaying  all 
pertinent  parameters  appears  at  the  beginning  to  allow  the  change  of  parameters  for 
the  tool  path  generation. 

5.4.1  Two-Dimensional  Spiral  Pocketing 

This  routine  is  used  to  generate  the  tool  path  for  a 2^/2-D  pocket,  which 
contains  vertically  straight  walls  only.  Although  a pocket  is  machined  level  by  level 
(in  the  z direction)  from  the  top  of  the  pocket  toward  the  bottom,  the  tool  path  for 
each  level  is  exactly  the  same.  This  is  because  all  walls  are  vertical  and  straight. 
Therefore,  the  tool  path  can  be  calculated  independently  of  z and  used  repeatedly 
at  each  z level. 

The  tool  path  of  the  closed-profile  contouring  function  studied  in  the  previous 
section  is  a tool  path  loop  offsetted  from  the  profile,  while  the  tool  path  of  the  spiral 
pocketing  function  is  made  up  of  successive  offset  loops  of  the  pocket  boundary.  The 
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offset  of  the  boundary  is  computed  first.  The  offset  distance  for  this  (first)  offsetting 
is  either  the  sum  of  the  tool  radius  and  finish  thickness  (for  boundary  segments  not 
to  be  crossed  by  the  tool)  or  zero  (for  boundary  segments  to  be  crossed  by  the  tool). 
Each  of  the  following  offset  loops  is  computed  from  the  updated  iimermost  offset. 
The  offset  distance  for  these  offsetting  is  the  radial  immersion  in  length  calculated 
by  using  equation  (5.11)  and  the  offset  computation  is  repeated  until  a termination 
criterion  is  reached.  Basically  the  procedure  to  calculate  the  tool  path  for  contouring 
a closed  profile  can  be  used  to  calculate  each  offset  loop  of  the  spiral  tool  path.  But 
the  pocketing  process  may  encounter  some  situations  which  are  not  considered  in  the 
contouring  process  and  thus  need  additional  processing. 

It  is  reasonable  to  assume  in  the  contouring  process  that  all  offsets  of  the 
segments  in  the  profile  exist  and  hence  the  calculation  of  tool  path  is  straight- 
forward. This  is  not,  however,  true  for  the  pocketing  process,  because  the  tool  path 
loop  shrinks  and  definitely  some  tool  paths  will  have  no  offset  at  some  stage  during 
the  shrinking  process.  The  pocketing  routine  needs  to  detect  this  condition  and 
provide  a solution. 

Figure  5-9a  shows  a tool  path  section  of  four  segments  and  its  offset  section 
which  contains  only  three  segments.  Figure  5-9b  shows  the  segment  (segment  2)  with 
no  offset  in  the  shrunk  loop  and  its  neighbors  at  the  stage  when  its  offset  is  just 
determined.  It  can  be  clearly  seen  in  the  figure  that  the  direction  of  that  segment 
is  opposite  to  the  direction  of  its  offset.  This  is  the  criterion  to  check  the  existence 
of  a line  offset  independent  of  the  type  of  its  neighbors.  To  make  correction  for  this 
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situation,  the  pocketing  routine  compares  the  direction  of  a line  segment  with  its 
offset  immediately  after  the  offset  is  determined.  If  the  direction  is  the  same,  the 
offset  is  kept  as  a segment  of  the  offset  loop.  If  the  direction  is  opposite,  the  offset 
is  discarded  and  the  offset  of  the  next  segment  is  calculated.  Note  that  in  the  case 
of  Figure  5-9b,  after  the  offset  of  segment  2 is  discarded,  the  "previous"  segment  of 
segment  3 is  segment  1 and  the  ending  point  of  the  offset  of  segment  1 is  updated 
to  the  starting  point  of  the  offset  of  segment  3. 


Figure  5-9  Tool  path  with  a discarded  linear  offset 

(a)  Sections  of  initial  loop  and  offset  loop 

(b)  Offsets  before  truncation 


There  are  two  offset  existence  criteria  for  the  arc  segment.  One  is  used  when 
the  arc  offsets  on  the  radius  decreasing  side,  which  occurs  when  the  orientation  of 
arc  segment  and  the  whole  loop  is  the  same,  and  the  other  one  is  used  when  the  arc 
offsets  on  the  radius  increasing  side,  which  occurs  when  the  orientations  of  the  arc 
and  the  loop  are  different.  Figure  5-10  shows  examples  for  both  cases.  The  first 
one,  shown  in  Figure  5-lOa,  compares  the  radius  of  the  arc  with  its  offset  distance. 
If  the  radius  is  smaller  than  the  offset  distance,  the  arc  will  have  no  offset  in  the 
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offset  loop.  The  second  one,  shown  in  Figure  5-lOb,  is  similar  to  the  case  of  the  line 
segment.  The  offset  is  obtained  first  and  then  the  direction  is  compared.  The  offset 
is  discarded  if  it  is  in  the  opposite  direction  of  the  original  arc,  kept  if  the  same. 


Figure  5-10  Tool  paths  with  a discarded  circular  offset 

(a)  Radius  of  arc  is  too  small 

(b)  Reversed  direction  of  offset 


Although  the  offset  segments  created  by  the  previously  discussed  approach  will 
not  intersect  with  (will  actually  connect  to)  the  neighbors  and  will  automatically  form 
a loop,  a situation  as  shown  in  Figure  5-11  may  happen.  That  is,  the  offset  loop  may 
have  intersection  in  itself  although  the  original  loop  is  a simple  loop.  To  solve  this 
problem,  an  intersection  detection  process  is  undertaken.  The  process  begins  from 
the  starting  offset  segment  to  the  last  one  to  check  if  an  offset  segment  intersects 
with  the  other  offset  segments.  The  intersection  check  for  a pair  of  offset  segments 
is  processed  in  three  steps: 

1.  Check  if  the  two  segments  possibly  intersect.  Skip  to  check  the  next  segment  if  not 
possible  at  all. 

2.  Determine  the  intersection  by  the  approach  described  in  section  5.2.  But  the 
intersection  may  be  merely  on  the  extension  of  the  segment. 
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3.  Check  if  the  found  intersection  is  on  both  segments.  (Must  be  on  both  segments 
to  be  an  real  intersection.) 

The  means  of  check  in  the  first  step  depends  on  the  type  of  the  segments.  For  the 
case  of  two  lines,  it  is  necessary  to  determine  if  the  lines  are  parallel.  Two  parallel 
lines  have  no  intersection.  For  the  case  of  a line  and  an  arc,  it  is  necessary  to 
compare  the  arc  radius  against  the  distance  between  the  arc  center  and  the  line. 
There  is  no  intersection  if  the  distance  between  the  arc  center  and  line  is  greater 
than  the  radius.  For  the  case  of  two  arcs,  the  sum  of  the  arc  radii  is  compared  with 
the  distance  between  the  arc  centers.  The  intersection  may  exist  only  when  the  sum 
of  radii  is  greater  than  the  distance. 


Figure  5-11  Self-intersected  offset  loop 


If  an  intersection  is  found,  the  loop  is  broken  in  two  at  the  intersection.  The 
separated  loops  individually  will  have  an  intersection  check  and  may  b^broken  again. 
The  offset  loop  in  Figure  5-11  is  broken  to  become  three  small  subloops.  It  can  be 
easily  seen  that  subloop  2 should  be  discarded  and  subloops  1 and  3 should  be  kept. 
It  can  also  be  observed  that  the  orientation  of  subloops  1 and  3 is  the  same  as  the 
parent  loop,  while  that  of  subloop  2 is  opposite.  In  fact  this  is  the  general  rule  used 
for  determining  whether  a subloop  should  be  kept  or  not.  A subloop  with  the  same 
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orientation  as  its  parent  loop  is  kept,  otherwise  it  is  thrown  away.  The  orientation 
of  a loop  can  be  identified  by  computing  its  winding  number. 

Problem  which  arises  now  is  how  to  store  these  offset  loops,  especially  when 
a loop  is  broken  into  subloops,  so  that  they  can  be  traced  when  needed.  It  has  been 
stated  in  section  5.3  that  all  of  the  tool  path  segments  in  a loop  are  stored  as  a 
circularly-doubly-linked  list.  A multi-loop  tool  path  can  then  be  stored  as  a binary 
tree  introduced  in  section  2.3  and  have  a tool  path  loop  corresponds  to  a node  in  the 
tree.  The  structure  Node,  declared  as 

struct  Node 
{ struct  PathLoop  *St; 
struct  Node  *p,  *c,  *s; 

}; 

is  employed  to  link  the  loops  to  a tree.  In  the  structure  the  pointer  "St"  will  point 
to  the  starting  segment  of  the  corresponding  loop.  And  the  three  pointers,  "p",  "c" 
and  "s",  of  structure  Node  type  will  point  to  the  parent  node,  the  left  child  node,  and 
the  right  child  node  respectively.  In  a binary  tree,  the  loops  of  a tool  path  are 
arranged  in  such  a manner  so  that  the  offset  loop  is  put  at  the  left  child  node  of  its 
parent  loop.  If  the  loop  is  broken  into  several  subloops  in  the  intersection  check, 
only  one  of  them  is  the  main  child  and  is  put  at  the  left  child  node.  The  other 
subloops  (siblings  of  the  main  child)  are  sorted  and  placed  as  a series  of  right  child 
nodes  from  the  main  child.  Figure  5-12  gives  an  example  of  this  arrangement.  The 
tool  path  in  Figure  5-12a  is  comprised  of  six  loops.  Loops  2,  3,  and  4 are  siblings 
originated  from  loop  1.  Loop  2 is  the  main  child  and  is  placed  at  the  left  child  node 
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of  loop  1.  Loop  3 is  at  the  right  child  node  of  loop  2 and  loop  4 is  at  the  right  child 
node  of  loop  3.  Loop  1 has  no  sibling  and  hence  its  right  child  node  is  empty.  The 
other  loops  are  located  according  to  the  same  rule.  Figure  5- 12b  shown  the  binary 
tree  of  the  tool  path  with  the  described  arrangement. 


Figure  5-12  Tool  path  loops  linked  as  a binary  tree 

(a)  An  example  tool  path 

(b)  The  corresponding  binary  tree 

Based  on  the  preceding  discussion,  the  tool  path  for  2-D  spiral  pocketing  can 

be  generated  by  the  procedure  made  up  of  the  following  steps: 

1.  Specify  the  pocket  boundary  and  calculate  the  winding  number  of  the  boundary 
to  identify  the  orientation  of  the  boundary  and  thus  the  offsetting  side.  The  offset 
distance  of  the  boundary  segments  is  either  the  sum  of  the  tool  radius  and  finish 
thickness  or  zero. 

2.  Calculate  the  offset  loop.  The  offset  distance  of  each  offset  segment  is  the  value 
determined  by  radial  immersion. 

3.  Check  for  intersections  of  the  new  loop  and  break  the  loop  if  needed. 
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4.  Place  the  loops  in  the  appropriate  nodes  of  the  binary  tree. 

5.  Repeat  step  2 through  step  4 for  the  loop  of  the  left  child  node  until  the 
termination  criterion  is  reached. 

6.  Travel  the  tree  to  find  if  any  right  branch  node  exists.  If  one  is  found,  repeat  step 
2 through  step  5 for  the  loop  of  the  node. 

7.  Repeat  step  6 until  the  whole  tree  is  traced. 

Step  5 terminates  when  the  number  of  the  offset  segments  is  insufficient  to  constitute 
a loop.  For  example,  one  or  two  linear  segments  are  not  sufficient  to  form  a loop. 

5.4.2  Three-Dimensional  Spiral  Pocketing 

The  3-D  spiral  pocketing  routine  is  able  to  generate  the  tool  path  for  the 
machining  of  the  pocket  containing  walls  curved  in  the  third  dimension  and  can  be 
indicated  by  a curve  made  up  of  lines  and  arcs.  The  tool  path  is  generated  from  the 
top  z level  to  the  bottom  z level  at  an  interval  of  depth  of  cut.  Since  the  wall  is 
curved,  the  boundary  at  each  z level  is  different,  and  so  is  the  tool  path.  To  generate 
the  whole  tool  path,  a method  can  be  used  is  to  change  the  boundary  at  each  z level 
and  then  calculate  the  tool  path  for  that  boundary.  Another  method  which  produces 
the  same  tool  path  but  requires  less  computation  is  to  keep  the  boundary  unchanged 
but  change  the  offset  distance  of  the  segment  with  curved  wall  for  the  first  tool  path 
loop  in  each  level.  Obviously  the  second  method  is  simpler  and  faster  and  is  hence 
adopted  in  the  3-D  routine.  The  tool  path  for  each  level  can  be  generated  by  calling 
the  2-D  routine  after  the  offset  distance  is  changed.  Since  the  routine  is  discussed 
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in  the  previous  section,  it  is  not  going  to  be  repeated  here.  The  way  to  change  the 
offset  distance  of  the  boundary  segment  with  curved  wall  at  levels  is  discussed  in  the 
following. 

For  the  3-D  pocketing  routine,  the  wall  shape  is  indicated  by  a string  of  lines 
and  arcs  which  must  be  all  on  a plane  perpendicular  to  the  corresponding  boundary 
segment.  To  calculate  the  amount  of  offset  distance  which  needs  to  be  changed  for 
a z level,  a 2-D  x-y  coordinate  system  parallel  to  the  plane  of  the  wall  shape  string 
is  created  so  that  its  y axis  coincides  with  the  z axis  of  the  world  coordinate  system 
and  hence  its  x axis  is  in  a direction  perpendicular  to  the  boundary  segment  of  this 
wall.  All  of  the  segments  in  the  wall  shape  string  are  projected  onto  the  plane  of  the 
2-D  coordinate  system.  Since  the  string  is  already  parallel  to  that  plane  initially,  its 
shape  is  not  changed  at  all  by  the  projection  but  the  data  for  each  segment  of  it  is 
2-D  after  projection  and  is  more  convenient  for  computation.  Figure  5-13  presents 
a schematic  illustration  of  the  above  description. 


Figure  5-13  Project  a wall  shape  string  onto  a parallel  x-y  plane 
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The  data  of  each  projected  wall  segment  is  stored  in  a structure  of  P line  or 
P_arc,  The  whole  projected  wall  shape  string  is  stored  as  a singly  linked  list  by  using 
structure  Wall,  which  is  declared  by  the  statements 

struct  Wall 

{ union  Path_Pointer  t; 
char  Tp; 

struct  Element  *e; 
struct  Wall  *n; 

}; 

The  purpose  of  the  variables  "t"  and  "Tp"  are  the  same  as  those  structures  containing 
these  two  variables.  The  pointer  "e"  points  to  the  corresponding  geometric  entity  in 
the  initial  (unprojected)  wall  shape  string.  The  pointer  "n"  points  to  the  next  segment 
in  the  linked  list.  The  first  segment  of  the  string  is  indicated  by  the  pointer  "WSt" 
in  the  structure  Periphery  of  the  corresponding  boundary  segment.  The  memory 
space  for  the  projected  wall  segments  and  the  linked  list  is  dynamically  allocated 
during  the  run  time. 

Figure  5-14  shows  a wall  shape  string  made  up  of  three  segments  on  the  x-z 
plane.  The  starting  point  of  the  string  is  (x^,  y^).  Note  that  this  point  is  the 
projection  of  the  point  at  which  the  boundary  segment  and  its  wall  shape  string  in  the 
world  coordinate  system  intersects  and  the  value  of  y^  is  the  top  z level  of  the  pocket. 
Point  (x,  y)  is  an  arbitrary  point  on  the  wall  string.  Since  the  y axis  coincides  with 
the  z axis  of  the  world  coordinate  system,  the  y coordinate  on  the  x-y  plane  and  the 
z coordinate  in  the  world  coordinate  system  will  be  the  same.  So  x^-x  is  the  value 
added  to  the  initial  offset  distance  of  the  boundary  segment  for  the  y-valued  level. 
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Since  the  z levels  for  machining  is  given  at  a decrement  of  depth  of  cut  from  the  top 
z level  to  the  bottom  z level,  the  problem  left  now  is  to  calculate  the  value  of  x for 
a given  z level  (y  value). 


(xj.ys) 


Figure  5-14  A wall  shape  string  of  three  segments 


(xs  .Vs  ) 


(xe.ye) 

Figure  5-15  A line  segment  in  the  wall  shape  string 


Before  computing  the  x value  for  a z level,  the  wall  segment  corresponding 
to  that  z level  must  be  determined.  This  can  be  done  by  comparing  z level  with  the 
y coordinate  of  the  lowest  point  of  the  segment.  The  comparison  is  begun  from  the 
starting  (highest)  segment  and  continues  until  the  segment  whose  lowest  point  is 
lower  than  the  z level.  If  it  is  a line  segment(see  Figure  5-15),  the  x value  can  be 
obtained  by  giving  the  value  of  y (z  level)  in  the  equation 
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X 


y-Yi 

m 


+X; 


(5.16) 


where  m is  the  slope  of  the  line  which  can  be  calculated  from  the  formula 


and  Xj  and  yj  are  the  coordinates  of  either  the  starting  point  (x^,  y^)  or  the  ending 
point  (Xg,  yg).  If  it  is  an  arc  segment,  the  approach  is  more  complex  because  there 
are  four  possible  cases  (see  Figure  5-16).  In  these  figures,  the  point  (Xg,  yg)  is  the  arc 
center  and  r is  the  arc  radius.  For  every  case,  the  x value  can  be  obtained  from  the 
equation 


X = Xg  + r»cos(0)  (5.17) 

But  the  angle  0 must  be  calculated  differently.  By  using  the  equation 

n/  • -i/yycx 
0 = sm  ( ) 

r 

to  calculate  the  value  of  0’  first  and  using  a,  b,  c and  d as  the  subscript  to  index  the 
angle  0 for  the  four  cases,  the  0s’  will  have 

0a  = 7T-0’,  0,,  = 0g  = 0’,  and  0j  = -7T-0’ 
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At  each  z level,  the  value  x^-x  will  be  calculated  and  added  to  the  initial  offset 
distance  of  the  corresponding  boundary  segment  for  every  curved  wall.  The  initial 
offset  distance  of  a segment  is  either  the  sum  of  tool  radius  and  finish  thickness  or 
zero  depending  on  whether  the  segment  is  to  be  crossed  by  the  tool  or  not.  After 
the  offset  distance  of  every  boundary  segment  has  been  changed,  the  rest  of  the 
procedure  at  a z level  is  the  same  as  in  step  2 through  step  7 of  the  2-D  routine 
discussed  in  the  previous  section. 


Figure  5-16  Possible  circular  segments  in  a wall  shape  string 

(a)  At  the  upper  left  of  the  arc  center 

(b)  At  the  upper  right  of  the  arc  center 

(c)  At  the  lower  right  of  the  arc  center 

(d)  At  the  lower  left  of  the  arc  center 


For  a pocket  with  closed  boundary  which  does  not  allow  the  tool  to  cross  any 
boundary  segment,  the  walls  of  the  pocket  must  be  all  vertically  straight  or  the 
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boundary  must  become  narrower  as  the  tool  advances  axially.  However,  if  the  pocket 
boundary  is  half-open  thus  some  boundary  segments  can  be  crossed  by  the  tool,  the 
boundary  at  the  bottom  can  be  wider  than  the  boundary  at  the  top  (see  Figure  5-17). 
The  3-D  pocketing  routine  also  handles  this  type  of  pocket. 


boundary  segment  can  be  crossed  by  the  tool 

Figure  5-17  A 3-D  pocket  with  wider  boundary  at  the  bottom 

5.5  Zigzag  Pocketing 

The  zigzag  pocketing  routine  generates  the  tool  path  for  a pocket  containing 
two  parallel  linear  boundary  segments.  Two  zigzag  routines,  2-D  and  3-D,  are 
provided  in  the  system.  As  in  the  spiral  routines,  the  zigzag  routine  also  allows  the 
user  to  specify  the  boundary  segments  to  be  crossed  by  the  tool.  Also,  as  the  other 
tool  path  generation  functions,  the  window  shown  in  Figure  5-6  will  pop  up  firstly  to 
allow  the  change  of  related  data. 
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5.5.1  Two-Dimensional  Zigzag  Pocketing 

The  primary  segments  of  the  zigzag  tool  path  are  all  linear  and  parallel  to 
each  other  as  well  as  to  a reference  direction.  The  reference  direction  is  indicated 
by  a pair  of  parallel  linear  segments  specified  by  the  user  after  the  pocket  boundary 
is  specified.  (The  boundary  is  specified  and  processed  by  the  exactly  same  method 
used  in  spiral  routines.)  The  first  direction  segment  will  be  the  "base"  segment  from 
which  the  tool  path  is  generated.  The  zigzag  tool  path  is  comprised  of  the  successive 
offsets  of  the  base  segment  with  different  offset  distances.  The  offset  distance  is 
increased  from  the  sum  of  the  tool  radius  and  finish  thickness  or  zero,  depending  on 
whether  the  base  segment  will  be  crossed  by  the  tool  or  not,  at  an  increment  of 
radial  immersion  whose  value  is  obtained  from  equation  (5.11).  When  the  offset 
distance  is  greater  than  the  maximum  distance  allowed,  the  maximum  distance  is 
used  as  the  offset  distance  to  calculate  the  final  tool  path  segment  and  the  tool  path 
generation  process  is  terminated.  The  maximum  distance  may  be  the  distance  of  the 
two  direction  lines,  the  lines’  distance  minus  the  tool  radius,  or  the  lines’  distance 
minus  the  tool  diameter  depending  on  whether  both,  one  or  none  of  the  two 
direction  segments  will  be  crossed  by  the  tool.  The  (tool  path)  offset  segments  are 
determined  by  the  offset  intersections  of  the  base  segment  with  the  two  boundary 
segments  at  the  head  and  tail  of  the  base  segment.  The  boundary  segments  to 
determine  the  offset  with  the  base  segment  are  determined  by  comparing  the  offset 
distance  against  the  distance  of  the  far  end  point  of  the  boundary  segment  from  the 
base  segment.  Figure  5-18  shows  a pocket  with  a closed  boundary  and  a zigzag  tool 
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path  generated  from  segment  1 toward  segment  4.  The  initial  offset  distance  is  the 
sum  of  the  tool  radius  and  the  finish  thickness.  The  (tool  path)  offset  intersections 
are  first  determined  with  segments  2 and  6.  The  next  offset  distance  is  the  initial 
value  plus  the  increment  (radial  immersion).  After  several  increments,  if  the  offset 
distance  results  in  an  offset  farther  than  point  A but  closer  than  point  B,  the  offset 
intersections  are  determined  with  segments  3 and  6.  The  tool  path  segments  beyond 
point  B is  determined  with  segments  3 and  5.  The  coordinates  of  the  offset 
intersections  are  obtained  by  using  the  approach  discussed  in  section  5.2. 

A 


Figure  5-18  A zigzag  tool  path  for  a pocket  with  a closed  boundary 

The  previous  discussion  describes  the  basic  procedure  in  calculating  the  zigzag 
tool  path.  The  basic  procedure  is  used  to  generate  the  tool  path  for  a pocket  with 
closed  boundary.  For  a pocket  with  a half-open  boundary  (as  shown  in  Figure  5-19, 
the  tool  path  is  generated  from  side  1 to  side  3),  the  first  and  last  segments  of  the 
tool  path  will  pass  through  the  boundary  if  the  boundary  segments  can  be  crossed  so 
that  the  tool  can  come  down  to  the  starting  point  of  the  tool  path  without  plunging. 
The  pocket  shown  in  Figure  5-19a  contains  three  open  boundary  segments  (segment 
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1,  2 and  4)  which  can  be  crossed  by  the  tool.  The  first  segment  of  the  tool  path  is 
extended  at  the  starting  side  and  the  last  segment  is  similarly  extended  at  the  ending 
side.  The  boundary  in  Figure  5-19b  has  two  open  segments  (segment  1 and  3).  As 
can  be  seen  in  the  figure,  a short  tool  path  segment  perpendicular  to  the  first 
segment  is  created  to  become  the  first  segment  and,  similarly,  another  short  segment 
is  created  at  the  end  to  become  the  last  segment.  Note  that  if  the  boundary  is  open 
in  both  directions  (as  the  first  segment  in  Figure  5- 19a),  the  initial  segment  will  be 
extended  in  its  direction.  The  length  of  the  extension  or  the  short  segments  is  the 
tool  radius. 

To  extend  a segment  or  create  a short  segment,  the  direction  angle,  y>  of  the 
initial  segment  is  calculated  first  from  the  statement 

Y = atan2(y^-y3,  x^-xj; 

where  (x^,  yj  and  (x^,  y^)  are  the  coordinates  of  the  starting  point  and  ending  point 
of  the  segment  respectively.  Extending  at  the  starting  side  is  achieved  by  moving  the 
starting  point  to  the  new  position  (x^^,  y„J  whose  coordinates  can  be  obtained  from 

^ns  (segment  length  + tool  radius)  • cos(y  + Jr) 

and 

Yns  ~ Ye  + (segment  length  + tool  radius)  • sin(y  + tt) 

Similarly,  the  coordinates  of  the  new  extended  ending  point,  (x„g,  y„g),  can  be 


obtained  from 
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^ne  = + (segment  length  + tool  radius)  • cos(y) 

and 

Yne  = Ys  (segment  length  + tool  radius)  • sin(Y) 

The  main  task  in  the  creation  of  the  short  segment  is  to  determine  the  end 
points  of  the  created  segment.  As  can  be  seen  in  Figure  5-19,  the  ending  point  of 
the  short  segment  to  become  the  first  segment  is  the  starting  point  of  the  initial  first 
segment,  so  its  coordinates  is  known  already.  The  coordinates  of  the  starting  point, 
(Xjs,  y^),  of  this  segment  can  be  calculated  from  the  two  equations, 

= Xj  + (tool  radius)  • cos(a) 

and 

Yss  “ Ys  + (tool  radius)  • sin(a) 

where  a = y-’njl  if  the  short  segment  is  on  the  right  side  of  the  initial  segment  (as 
Figure  5-19a),  or  a = y + tt/2  if  it  is  on  the  left  side  of  the  initial  segment.  Similarly, 
the  starting  point  of  the  short  segment  to  become  the  last  segment  is  the  ending 
point  of  the  initial  last  segment  and  is  known.  The  coordinates  of  the  ending  point, 
(Xse,  y^e),  of  the  this  segment  can  be  calculated  from 

^se  ~ (tool  radius)  • cos(a) 
and 


Yse  ~ Ye  (tool  radius)  • sin(a) 
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where  a = y-7t/2  if  the  short  segment  is  on  the  right  side  of  the  initial  segment,  or 
a = Y + 7t/2  if  it  is  on  the  left  side  of  the  initial  segment. 

The  segments  of  the  zigzag  tool  path  are  stored  as  a circularly-doubly-linked 
list.  Since  only  the  coordinates  of  the  end  points  need  to  be  kept,  the  data  of  a 
segment  in  the  linked  list  can  all  be  held  in  the  ZigPath  structure: 

struct  ZigPath 
{ float  Sx,  Sy,  Ex,  Ey; 
struct  ZigPath  *p,  *n; 

}; 

In  the  structure,  (Sx,  Sy)  are  the  coordinates  of  the  starting  point,  (Ex,  Ey)  the  ending 
point.  The  pointers  "p"  and  "n"  are  used  to  point  to  the  previous  and  next  segments 
respectively. 


tool  path 

boundary  segment  cannot  be  crossed  by  the  tool 

boundary  segment  can  be  crossed  by  the  tool 


Figure  5-19  Zigzag  tool  paths  for  half-open  pockets 

(a)  The  first  and  last  segments  are  extended  in  their  direction 

(b)  Short  segments  are  created  to  become  the  first  and  last  segment 
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The  procedure  for  the  calculation  of  the  zigzag  tool  path  for  a closed  pocket 
after  the  boundary  is  specified  is  summarized  in  the  following  steps: 

1.  Determine  the  offset  distance  from  the  first  direction  (base)  segment. 

2.  Determine  the  boundary  segment  at  the  head  side  of  the  direction  segment  and 
their  offset  intersection  (the  starting  point  of  the  offset), 

3.  Determine  the  boundary  segment  at  the  tail  side  of  the  direction  segment  and 
their  offset  intersection  (the  ending  point  of  the  offset). 

4.  Exchange  the  two  points  if  need.  (Exchanged  iteratively) 

5.  Repeat  step  1 through  step  4 until  the  second  direction  segment  is  reached. 

For  a half-open  pocket,  the  extension  or  creation  of  the  first  and  last  tool  path 
segments  are  processed  after  the  exchange  in  step  4. 

5.5.2  Three-Dimensional  Zigzag  Pocketing 

This  routine  generates  the  zigzag  tool  path  of  a 3-D  pocket,  which  contains 
curved  walls  in  the  third  dimension,  level  by  level  from  the  top  z level  to  the  bottom 
z level  at  an  interval  of  depth  of  cut.  Like  the  3-D  spiral  routine,  the  processing 
procedure  at  each  level  is  divided  into  two  steps: 

1.  Update  the  offset  distance  of  the  boundary  segments  at  each  level  with  the  method 
described  in  section  5.4.2. 

2.  Generate  the  tool  path  by  the  2-D  zigzag  routine  discussed  in  the  previous  section. 
Although  the  details  of  the  two  steps  have  been  discussed  and  are  not  going  to  be 
repeated,  an  important  procedure  in  step  2 should  be  pointed  out.  For  the  zigzag 
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routine,  the  tool  path  direction  is  determined  by  two  parallel  linear  boundary 
segments  and  the  tool  path  is  generated  between  the  two  segments.  In  the  2-D 
zigzag  routine,  the  first  direction  segment  is  the  "base"  segment  from  which  the  tool 
path  is  generated  toward  the  other  direction  segment.  In  3-D  zigzag  routine,  the  role 
of  the  two  direction  segments  are  switched  iteratively  between  z levels.  That  is,  if 
the  first  direction  segment  is  the  "base"  at  this  level,  the  other  direction  segment  will 
be  the  "base"  at  the  next  level.  The  tool  path  reverse  iteration  is  kept  from  level  to 
level  so  that  the  tool  can  move  to  the  starting  point  of  the  tool  path  in  the  next  level 
through  the  shortest  path. 


CHAPTER  6 

POSTPROCESSING  AND  VERIFICATION 


The  approaches  discussed  in  the  previous  chapters  are  implemented  in  the 
user’s  working  environment,  the  design  module  (for  construction  of  the  wireframe 
model  of  the  contouring  profile  or  pocket  boundary),  and  the  tool  path  generation 
routines.  However,  the  tool  path  data  is  stored  in  the  computer  memory  temporarily 
in  the  linked  binary  tree  pattern.  For  machining,  the  data  of  the  tool  path  must  be 
converted  into  a format  accepted  by  the  machine  controller  and  saved  to  a file 
permanently  so  that  it  can  be  sent  to  the  controller.  For  the  machine  controller,  the 
tool  motion  commands  must  be  in  a special  block-by-block  format  as: 


OOOOl 

NIO  G91  GOl 

N15  S20000 

N20  Z0.2  F30 

N25  X1.3  Y3.1  F300 

N30  Z-0.7  F30 

N35  X-1.3  Y-2.2  Z-0.05 

N40  X2.2  Y3.1  F300 

N45  Y-3.0 

N50  G02  X0.6  10.8 

N55  GOl  X5.3 

N60  YIO.O 

N65  X2.0  Y3.5 


M30 
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These  commands  are  called  NC  codes.  Usually  the  NC  codes  for  a machining  task 
are  put  together  in  a file  to  become  a NC  program  as  shown  above.  The  NC 
program  can  then  be  deciphered  by  the  controller  block  by  block  to  perform  the 
machining  operation. 

In  this  system,  postprocessing  routines  are  developed  to  process  the  generated 
tool  path  into  the  NC  program.  Three  routines  (for  contouring,  zigzag  pocketing, 
and  spiral  pocketing)  are  provided  to  process  the  three  types  of  tool  path.  In 
addition  to  the  postprocessing  routines,  a NC  program  verification  routine  is 
developed  to  check  the  correctness  of  the  format  and  feedrates  of  the  existing  NC 
program  and  show  the  tool  path  on  the  screen  so  that  the  incorrect  codes  can  be 
observed  and  corrected  by  the  user  before  the  program  is  sent  into  the  machine. 

There  are  several  machine  tool  controller  manufacturers  producing  different 
types  of  controllers.  Although  the  general  format  of  the  NC  code  for  these 
controllers  is  the  same  and  the  most  widely  used  G codes  are  all  acceptable  to  these 
controllers,  small  differences  between  the  NC  code  conventions  exist  for  these 
controllers  exists.  However,  the  format  or  convention  of  the  NC  code  is  not  the  main 
point  of  the  following  discussion.  The  following  discussion  concentrates  on  the 
strategy  adopted  in  the  postprocessing  stage  to  avoid  machining  problems  and  reduce 
the  machining  time.  If  NC  code  is  presented  in  the  following  discussion,  it  is  based 
on  the  convention  for  the  controller  of  GE  Fanuc  Series  15-M  (which  was  used  to 
command  the  McMaster  machine  tool  to  do  the  machining  for  this  research).  A 
brief  introduction  of  the  most  widely  used  NC  codes  is  presented  in  Appendix  A. 
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6.1  Postprocessing 

Five  postprocessing  routines  are  provided  to  process  the  three  types  of  tool 
paths  (contouring,  2-D  and  3-D  spiral  pocketing,  and  2-D  and  3-D  zigzag  pocketing) 
to  produce  NC  programs.  The  inputs  of  the  postprocessing  routines  are  the 
generated  tool  path  and  the  pertinent  data  entered  in  the  pop-up  window  for  tool 
path  generation  (see  Figure  5-6)  or  the  window  for  postprocessing  (see  Figure  6-1). 
The  output  of  the  postprocessing  routine  is  the  NC  program  for  the  whole  machining 
operation.  Most  of  the  data  fields  in  the  pop-up  window  for  postprocessing  are  also 
included  in  the  window  for  tool  path  generation.  They  are  shown  in  the 
postprocessing  window  for  the  user  to  enter  the  data  which  is  not  given  in  the  tool 
path  generation  stage,  or  make  changes  to  the  data  which  is  already  given.  In  the 
first  row  of  the  window,  the  "File  name"  field  is  for  entering  the  file  name  to  be  used 
for  the  NC  program,  and  the  "Prog  #"  is  for  the  program  number  to  be  put  at  the 
beginning  of  the  NC  program.  The  fields  in  the  second  row  are  for  the  x,  y and  z 
coordinates  of  the  initial  position  of  the  tool.  In  the  next  field,  "Clearance  plane", 
is  the  z coordinate  of  the  clearance  plane.  The  clearance  plane  must  be  high  enough 
so  that  the  tool  will  not  collide  with  any  clamp  or  workpiece  when  moving  on  the 
plane.  Shown  in  the  last  row  above  the  central  line  are  two  selection  items  which 
appear  only  in  the  case  of  spiral  pocketing  to  let  the  user  select  either  spiral-in  or 
spiral-out  machining.  In  the  lower  half  of  the  window  are  the  two  groups  of  fields 
which  also  appear  at  exactly  the  same  place  in  the  window  for  tool  path  generation. 
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The  fields  on  the  left  are  the  feedrates  to  be  used  for  linear  motion,  circular  motion, 
z direction  included  motion,  and  fast  movement  in  air  respectively.  The  fields  on  the 
right  are  for  the  axial  depth  of  cut  and  the  range  of  the  z coordinates  for  machining. 
The  generated  NC  program  will  contains  the  commands  (NC  codes)  for  the 
machining  from  the  top  z level  down  to  the  bottom  z level  in  a level  by  level  manner 


at  an  interval  of  the  given  depth  of  cut. 
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Figure  6-1  Pop-up  window  for  postprocessing 


Before  each  machining  operation,  the  tool  needs  to  be  moved  to  the  specified 
initial  position.  Then  the  NC  program  can  be  used  to  execute  the  whole  machining 
task  starting  from  the  initial  position.  In  the  beginning  the  tool  needs  to  move  from 
the  initial  position  to  the  point  where  the  actual  cutting  starts.  To  avoid  colliding 
with  the  clamps  or  workpiece  during  this  movement,  the  tool  shall  be  commanded 
to  rise  vertically  to  the  clearance  plane,  move  on  that  plane  to  the  position  directly 
above  the  point  where  the  cutting  starts,  and  then  lower  vertically  to  that  point.  The 
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tool  motion  after  this  point  is  the  actual  level  by  level  cutting  motion  converted  from 
the  generated  tool  path.  It  has  been  stated  earlier  that  the  tool  path  for  2-D 
machining  is  generated  independent  of  z,  and  the  same  tool  path  is  used  for  the 
machining  in  each  level.  The  proper  z value  for  each  level  is  given  in  the 
postprocessing  stage.  For  the  3-D  machining,  the  tool  path  is  generated  for  each 
level  with  the  proper  z value.  At  the  end  of  the  operation  (after  the  cutting),  the 
tool  shall  be  commanded  back  to  its  initial  position  through  a similar  (up  and  down) 
process. 

According  to  the  preceding  description,  the  main  tasks  of  the  postprocessing 
routines  are: 

1.  Generate  the  NC  codes  for  commanding  the  tool  to  move  from  the  initial  position 
to  the  position  where  the  cutting  starts. 

2.  Convert  the  generated  tool  path  to  NC  codes  for  the  motions  of  cutting. 

3.  Generate  the  NC  codes  to  move  the  tool  from  the  end  of  the  cutting  motion  in  the 
bottom  level  back  to  the  initial  position. 

The  generated  NC  codes  are  written  to  a file  block  by  block  and  become  a NC 
program.  Since  the  required  data  for  the  processing  are  all  known,  no  complex 
calculations  are  needed  in  creating  the  NC  program.  However,  to  avoid  the  tool 
from  plunging  into  the  uncut  area  of  the  workpiece  and  minimize  the  time  for  the 
tool  motion  in  air,  the  details  for  the  processing  of  the  three  types  of  tool  path  are 
different  and  are  described  separately  in  the  following. 


120 


6.1.1  For  Contouring 

The  contouring  tool  path  is  either  a closed  loop  for  the  machining  along  a 
closed  profile  or  a non-closed  path  for  the  machining  along  a non-closed  profile  (see 
Figure  5-7  or  Figures  6-2a  and  6-3a).  The  postprocessing  for  these  two  kinds  of 
contouring  tool  path  are  different.  To  avoid  the  plunging  action  in  the  machining 
process  for  a closed  profile,  the  tool  path  is  postprocessed  so  that  a ramping  motion 
command  is  given  on  the  last  segment  of  the  tool  path  loop  to  change  the  z level  of 
machining.  For  example,  if  the  generated  tool  path  loop  is  as  shown  in  Figure  6-2a 
(segment  1 is  the  starting  segment),  the  actual  tool  motion  after  postprocessing  for 
a three-level  machining  is  as  shown  in  Figure  6-2b.  It  can  be  seen  that  in  the 
beginning,  the  tool  rises  up  to  the  clearance  plane,  moves  on  the  plane  to  the  point 
directly  above  the  starting  point  of  the  last  segment  (segment  4),  and  then  advances 
vertically  down  to  the  top  z level,  which  usually  is  top  surface  of  the  workpiece 
before  machining.  The  first  cutting  motion  is  the  ramping  motion  on  segment  4.  At 
the  end  of  this  motion,  the  tool  is  on  the  first  cutting  level.  In  every  level  except  for 
the  bottom  level,  the  tool  is  commanded  to  travel  along  segments  1,  2 and  3 with  the 
same  z value  and  then  ramps  down  to  the  next  level  on  segment  4,  In  the  bottom 
level  the  whole  tool  path  is  travelled  with  the  same  z value.  Since  the  tool  path  is 
generated  independent  of  the  z coordinate,  only  the  x and  y coordinates  of  the  end 
points  of  the  tool  path  segments  are  determined;  the  ramping  motion  can  be  easily 
achieved  by  giving  the  proper  value  of  z coordinate  to  the  corresponding  points.  For 
the  ramping  motion,  the  z value  for  the  higher  level  is  given  to  the  starting  point  of 
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segment  4,  and  the  z value  for  the  lower  level  is  given  to  the  ending  point.  After  the 
cutting  is  completed,  the  tool,  which  is  at  the  ending  point  of  segment  4 on  the  lowest 
(bottom)  z level,  is  raised  vertically  to  the  clearance  plane,  and  then  commanded 
back  to  the  initial  position. 


initial 

position 


(a)  (b) 

tool  motion  between  initial  position  and  pocket 

tool  path  to  the  next  level 

tool  path  on  a x-y  plane 


Figure  6-2  A closed  contouring  tool  path  and  the  tool  motion  after  postprocessing 

(a)  The  generated  tool  path 

(b)  The  tool  motion  after  postprocessing 


The  plunging  is  inevitable  in  contouring  a non-closed  profile,  because  there 
is  no  suitable  tool  path  segment  for  the  ramping  motion.  The  kind  of  tool  path  is 
postprocessed  so  that  the  tool  plunges  at  the  starting  point  of  the  tool  path  for  each 
level.  After  the  cutting  for  each  level  is  completed,  when  the  tool  is  at  the  ending 
point  of  the  tool  path,  the  tool  is  commanded  to  go  to  the  starting  point  of  the  tool 
path  in  the  next  level  through  the  clearance  plane  if  the  tool  is  not  on  the  bottom 
level,  or  go  back  to  the  initial  position  if  the  tool  is  on  the  bottom  level.  Figure  6-3 
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shows  an  example  of  generated  non-closed  tool  path  and  the  actual  tool  motion  after 
postprocessing.  In  the  beginning,  the  tool  moves  from  the  initial  position  to  point  A 
and  then  goes  down  to  the  first  cutting  level  with  plunging.  After  the  machining  for 
each  level,  the  tool  rises  vertically  to  point  B,  moves  to  point  A,  and  then  goes  down 
to  the  next  level  with  plunging.  In  the  end,  the  tool  goes  back  to  the  initial  position 
from  point  B after  a vertical  rise. 


initial 

position 


(a)  (b) 

tool  motion  between  initial  position  and  pocket 

tool  path  to  the  next  level 

tool  path  on  a x— y plane 


Figure  6-3  A non-closed  contouring  tool  path  and  the  tool  motion  after 

postprocessing 

(a)  The  generated  tool  path 

(b)  The  tool  motion  after  postprocessing 


6.1.2  For  Spiral  Pocketing 


The  tool  path  for  spiral  pocketing  is  composed  of  successive  offset  loops  of 
the  pocket  boundary  and  the  whole  tool  path  is  stored  as  a linked  binary  tree.  In  the 
linked  binary  tree,  each  node  corresponds  to  a tool  path  loop  and  the  outermost  loop 
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is  at  the  root  node.  Figure  5-12  (printed  here  as  Figure  6-4  for  convenience)  shows 
an  example  tool  path  and  the  linked  binary  tree  of  the  tool  path.  For  a spiral  tool 
path,  the  actual  machining  process  can  be  either  spiral-in  or  spiral-out.  The  spiral-in 
machining  process  starts  from  the  outermost  loop  and  the  tool  moves  spirally  toward 
the  innermost  loop.  In  the  spiral-out  process,  the  tool  moves  from  the  innermost 
loop  toward  the  outermost  loop.  In  postprocessing  the  tool  path  stored  as  a linked 
binary  tree,  these  two  machining  processes  can  be  easily  achieved  by  using  different 
order  in  visiting  each  binary  tree.  Each  binary  tree  has  three  nodes  --  root  node,  left 
node,  and  right  node.  The  spiral-in  process  is  achieved  by  visiting  the  root  node  first, 
then  the  left  node,  and  then  the  right  node.  For  the  spiral-out  process  the  right  node 
is  visited  first,  then  the  left  node,  and  then  the  root  node. 


Figure  6-4  Tool  path  loops  linked  as  a binary  tree 

(a)  An  example  of  spiral  tool  path 

(b)  The  corresponding  linked  binary  tree 


The  two  different  methods  of  visiting  a binary  tree  results  in  different  orders 
of  traversal  for  the  whole  tool  path  tree  (linked  binary  tree).  For  the  spiral-in 
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process,  the  traversal  starts  from  the  root  node  and  goes  down  along  the  left  most 
branch  until  the  node  have  no  left  branch  is  reached.  Then  the  traversal  proceeds 
to  the  right  nodes  branched  from  the  left  most  nodes  just  visited.  These  right  nodes 
are  visited  from  the  lowest  one  toward  the  root  node.  At  each  of  the  right  nodes, 
the  same  traversal  procedure  is  repeated.  For  the  spiral-out  process,  the  traversal 
starts  from  the  rightmost  node.  If  the  right  most  node  has  its  left  branch,  the 
traversal  will  start  from  the  lowest  node  of  the  left  branch  up  to  the  right  most  node. 
Then  the  traversal  proceeds  to  the  second  right  most  node  or  its  lowest  left  branch 
node  if  the  left  branch  exists.  This  process  is  repeated  until  the  root  node  of  the 
whole  linked  tree  is  reached.  Take  the  tool  path  shown  in  Figure  6-4  as  an  example, 
the  order  of  traversal  for  spiral-in  process  is  1-2-5-3-6-7-4,  for  spiral-out  is  4-7-6-3-S-2- 
1. 

The  machining  of  the  2^2  dimensional  pocket  is  undertaken  level  by  level, 
and  the  same  tool  path  is  repeated  for  each  level.  The  scheme  adopted  by  the  other 
known  packages  for  moving  the  tool  from  one  level  to  the  next  is  to  command  the 
tool  to  rise  vertically  to  the  clearance  plane,  move  on  the  plane  to  the  point  directly 
above  the  starting  point  of  the  tool  path,  and  then  lower  vertically  to  the  next  level 
with  plunging.  Changing  the  z level  in  this  way  is  not  only  time-consuming  because 
of  the  slow  up  and  down  motions  between  levels,  but  also  causes  the  BUE(build-up- 
edge)  problem  due  to  plunging.  In  this  system,  the  ramping  method  is  used  for 
moving  the  tool  from  one  level  to  the  next  level.  Usually  the  tool  path  for  spiral 
pocketing  is  comprised  of  numerous  loops.  But  the  tool  path  for  machining  a small 
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pocket  may  contain  only  one  loop.  If  a tool  path  has  only  one  loop,  which  is  the 
same  as  the  case  of  closed  contouring,  the  ramping  can  be  done  with  the  same 
manner  as  the  closed  contouring  ~ ramping  on  the  last  segment  of  the  loop.  For  the 
tool  path  with  multiple  loops,  the  ramping  is  undertaken  between  the  starting  point 
(which  is  also  the  ending  point)  of  the  outermost  loop  and  that  of  the  innermost 
loop.  For  the  case  of  spiral-in,  the  ramping  starts  from  the  innermost  loop  of  the 
current  level  to  the  outermost  loop  of  the  next  level,  and  the  cutting  motion  for  the 
next  level  can  then  be  started  from  that  point  toward  the  center  spirally.  For  the 
case  of  spiral-out,  the  ramping  starts  from  the  outermost  loop  of  the  current  loop  to 
the  iimermost  loop  of  the  next  level,  and  then  the  tool  moves  spirally  outward. 
Figure  6-5  shows  a simple  spiral  tool  path  and  the  commanded  tool  motion  for  these 
two  processes  after  postprocessing.  As  shown  in  Figures  6-5b  and  6-5c,  the  tool  rises 
vertically  from  the  initial  position  to  point  A,  which  is  on  the  clearance  plane.  Then 
the  tool  moves  on  the  clearance  plane  from  A to  B and  goes  down  vertically  to  point 
C,  which  is  on  the  plane  of  the  top  z level  specified  in  the  window.  In  Figure  6-5b, 
point  C is  directly  above  the  starting  point  of  the  innermost  loop.  In  Figure  6-5c,  this 
point  is  above  the  starting  point  of  the  outermost  loop.  After  point  C is  the  ramping 
motion  to  go  to  the  first  cutting  level,  and  the  spiral  machining  for  that  level  is 
started  immediately  after  the  ramping  motion.  The  tool  position  at  the  end  of  the 
machining  for  a level  is  directly  under  point  C,  so  a similar  ramping  motion  can  be 
used  to  go  to  the  next  level.  When  the  machining  of  the  bottom  level  is  finished,  the 
tool  rises  vertically  to  point  B and  goes  back  to  the  initial  position  through  point  A. 
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(b)  (c) 

tool  motion  between  initial  position  and  pocket 

tool  path  to  the  next  level 

tool  path  on  a x-y  plane 

Figure  6-5  A spiral  too  path  and  the  tool  motion  after  postprocessing 

(a)  The  generated  tool  path 

(b)  The  tool  motion  postprocessed  for  spiral-in 

(c)  The  tool  motion  postprocessed  for  spiral-out 


The  ramping  strategy  not  only  solves  the  BUE  problem  caused  by  plunging  but  also 
saves  the  time  in  moving  the  tool  up  and  down  between  the  machining  levels  and  the 
clearance  plane.  It  can  be  easily  seen  in  Figure  6-5  that  the  tool  only  needs  to  move 
through  the  clearance  plane  twice  (in  the  beginning  and  the  end)  for  the  shown  tool 
path.  Moving  between  levels  is  easily  achieved  by  the  ramping  motion. 


127 


The  tool  path  shown  in  Figure  6-5  is  called  simple  because  it  is  composed  of 
a set  of  shrunk  offset  loops.  Usually  a set  of  offset  loops  exists  in  a region  which  can 
be  machined  continuously  at  one  time,  so  the  tool  needs  to  move  back  and  forth 
between  the  initial  position  and  the  to-be-machined  region  through  the  clearance 
plane  only  once  for  a simple  tool  path.  For  a complex  tool  path  with  several  sets  of 
offset  loops  (as  the  case  of  Figure  6-4)  the  machining  process  is  more  complicated 
because  the  tool  needs  to  move  between  the  regions  (of  different  sets  of  offset 
loops).  The  method  of  the  other  packages  is  to  machine  the  whole  pocket  level  by 
level.  In  each  level,  the  tool  is  commanded  to  move  from  region  to  region  through 
the  clearance  plane.  Obviously  this  method  is  time-consuming  because  many  slow 
up-and-down  motion  to  the  clearance  plane  is  required.  In  this  system  in  order  to 
minimize  the  number  of  times  for  moving  through  the  clearance  plane,  the  overall 
machining  strategy  is  arranged  so  that  the  machining  of  a region  is  accomplish  all  at 
one  time.  This  means  that  for  each  region  the  tool  is  commanded  to  machine  for  the 
whole  depth  level  by  level  at  one  time  with  ramping.  This  method  requires  only  one 
motion  to  move  to  a region  through  the  clearance  plane,  and  a large  amount  of  time 
can  be  saved.  If  the  pocket  shown  in  Figure  6-4  needs  to  be  machined  with  the  tool 
path  in  five  levels,  the  method  of  other  packages  is  to  move  the  tool  up  and  down 
between  the  workpiece  and  clearance  plane  sixteen  times,  but  the  method  of  this 
system  requires  only  four  times. 

The  spiral-in  process  is  used  in  postprocessing  the  tool  path  for  3-D  pocketing, 
and  the  postprocessing  considers  only  the  case  of  simple  tool  path  which  is  comprised 
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of  a set  of  shrunk  loops.  Because  the  tool  path  for  3-D  pocketing  is  generated  from 
level  to  level,  the  tool  path  for  each  level  is  postprocessed  after  it  is  generated  on 
that  level.  Like  the  2-D  case,  the  tool  motion  from  one  level  to  the  next  is  achieved 
by  ramping.  At  the  end  of  the  tool  motion  for  a level  (when  the  tool  is  at  the  ending 
point  of  the  innermost  loop),  the  tool  is  commanded  to  ramp  down  to  the  starting 
point  of  the  outermost  loop  in  the  next  level.  The  machining  of  that  level  can  be 
started  immediately  from  that  point.  With  this  method,  no  tool  motion  in  air  is 
needed  except  for  the  motions  at  the  beginning  and  the  end,  as  in  the  case  of  2-D 
pocketing. 

6.1.3  For  Zigzag  Pocketing 

The  tool  path  for  zigzag  pocketing  is  composed  of  a series  of  linear  segments 
which  are  all  parallel  to  each  other.  In  this  system,  the  tool  path  is  generated  such 
that  the  first  and  last  segments  will  be  extended  to  the  exterior  of  the  boundary 
whenever  allowable  to  avoid  the  tool  from  plunging  into  the  workpiece.  The  details 
of  the  approach  for  the  generation  of  zigzag  tool  path  is  described  in  section  5.5. 
Since  the  problem  of  plunging  has  been  taken  care  in  the  tool  path  generation  stage, 
it  is  not  to  be  dealt  with  in  the  postprocessing  stage  for  zigzag  pocketing.  However, 
like  the  case  for  spiral  pocketing,  the  postprocessing  routine  for  zigzag  pocketing  also 
minimizes  the  number  of  times  to  move  the  tool  up  and  down  through  the  clearance 
plane  in  the  machining. 
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In  the  other  packages,  the  2-D  zigzag  pocketing  is  processed  so  that  the 
machining  for  each  level  starts  from  the  same  point,  the  starting  point  of  the  tool 
path.  Since  the  zigzag  tool  path  is  a series  of  linear  motion  and  the  two  end  points 
of  the  tool  path  are  located  at  the  two  far  ends  of  the  pocket,  the  tool  motion  for 
changing  the  cutting  level  must  go  through  the  clearance  plane  to  prevent  it  from 
colliding  with  the  workpiece  or  clamps.  In  this  system,  the  zigzag  tool  path  is 
postprocessed  so  that  the  order  of  machining  is  switched  iteratively  between  levels, 
which  means  that  if  the  machining  in  this  level  is  from  the  starting  point  of  the  tool 
path  to  the  ending  point,  the  machining  in  the  next  level  is  from  the  ending  point  to 
the  starting  point.  With  this  strategy,  the  tool  can  go  directly  down  to  the  next  level 
immediately  after  the  machining  of  the  current  level  is  finished  and  the  machining 
for  the  next  level  is  started  from  there.  Figure  6-6  shows  an  example  of  generated 
zigzag  tool  path  and  the  tool  motion  after  postprocessing  for  the  machining  of  three 
levels.  Note  that  in  Figure  6-6b  the  vertical  tool  motion  to  go  back  to  the  initial 
position  after  the  cutting  overlaps  with  the  tool  motion  for  the  moving  from  the  first 
level  to  the  second  level. 

The  3-D  zigzag  pocketing  is  postprocessed  in  a similar  manner  as  the  2-D 
case.  It  is  stated  in  section  5.5  that  the  "base"  segment  for  the  calculation  of  tool 
path  is  switched  iteratively  between  the  two  direction  segments  from  level  to  level 
so  that  the  tool  path  can  be  generated  in  such  a way  that  the  starting  point  of  the 
tool  path  for  the  next  level  is  adjacent  to  the  ending  point  of  the  current  level.  With 
this  tool  path  generation  method,  the  tool  motion  to  move  the  tool  down  to  the  next 
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level  can  be  processed  so  that  the  tool  goes  to  the  starting  point  of  the  next  level 
directly  from  the  ending  point  of  the  current  level.  Since  the  tool  path  is  generated 
for  each  level  and  is  usually  different  from  level  to  level,  the  tool  motion  to  go  down 
a level  is  usually  by  ramping. 


initial 

position 


tool  motion  between  initial  position  and  pocket 
tool  path  to  the  next  level 
tool  path  on  a x— y plane 


Figure  6-6  A zigzag  tool  path  and  the  tool  motion  after  postprocessing 

(a)  The  generated  tool  path 

(b)  The  tool  motion  after  postprocessing 


6.2  Verification  of  NC  Programs 


The  NC  program  verification  routine  is  developed  to  check  the  format  and 
feedrates  of  the  existing  NC  program  and  display  the  tool  motion  commanded  by  the 
program  on  the  computer  screen  so  that  the  user  can  visually  examine  the  tool 
motions.  The  wrong  format  or  feedrate  discovered  by  this  routine  is  printed 
sequentially  in  a file  named  "errors.lst"  so  that  the  user  can  look  up  and  correct  the 
mistakes.  If  the  tool  path  is  displayed  with  the  shape  of  the  finished  part  together 
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on  the  screen,  the  user  can  find  the  improper  tool  motions,  if  any,  easily.  This 
routine  also  performs  verification  of  an  NC  program  which  calls  G65  macros. 

To  verify  a program  without  G65  macro,  the  pop-up  window  as  shown  in 
Figure  6-7  appears  on  the  screen  immediately  after  the  function  is  activated  to  allow 
the  user  to  enter  the  pertinent  data  and  make  selections.  The  first  field  is  for 
entering  the  file  name  of  the  NC  program  to  be  verified.  There  are  two  fields  in  the 
second  row.  The  left  field  contains  the  number  indicating  the  speed  to  display  the 
tool  motions  commanded  by  the  verified  program.  In  the  right  field  is  the  number 
representing  the  color  to  be  used  for  displaying  the  tool  motion.  The  tool  motions 
are  displayed  with  a delay  between  the  motions.  A smaller  number  entered  in  the 
left  field  causes  a shorter  delay  thus  a faster  display.  Fields  in  the  third  row  (x,  y, 
and  z of  the  start  point)  shall  be  entered  with  the  coordinates  of  the  initial  position 
of  the  tool  for  the  machining  using  the  NC  program  being  verified.  The  last  field 
above  the  central  line  is  the  z coordinate  indicating  the  height  of  the  clearance  plane. 
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Figure  6-7  The  pop-up  window  for  verification 
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Two  groups  of  field  are  shown  below  the  central  line.  The  fields  on  the  left 
are  the  feedrates  which  are  expected  to  be  used  in  the  NC  program.  The  first  field 
(Gl)  is  the  feedrate  for  the  linear  motion  in  the  same  z level.  The  second  field 
(G2/3)  is  the  feedrate  for  the  circular  motion.  The  third  field  (Z  move)  is  the 
feedrate  for  the  z direction  included  motion  such  as  ramping.  The  fourth  field  (Air) 
is  the  feedrate  for  the  fast  motion  in  air.  Usually  the  feedrates  for  "Gl"  and  "Air" 
are  fast,  and  the  feedrates  for  "G2/3"  and  "Z  move"  are  slow.  Three  selection  items 
are  listed  on  the  right  hand  side  of  the  feedrate  fields.  These  items  allows  the  user 
to  select  the  feedrate(s)  to  be  checked.  The  selection  is  made  by  positioning  the 
mouse  within  the  brackets  and  pressing  the  left  mouse  button.  The  "X"  mark  shows 
up  between  the  brackets  of  the  active  selection(s).  If  an  item  is  selected  to  be  active, 
the  corresponding  feedrate  entered  in  the  field  on  the  left  will  be  compared  with  the 
actual  feedrates  given  in  the  NC  program  to  see  if  the  program  commands  the  right 
feedrates.  The  verification  process  starts  after  the  "Done"  button  is  selected. 

To  verify  a program  with  G65  macro,  the  window  for  entering  the  numbers 
and  file  names  of  the  macros  called  in  the  program  will  pop  up  first.  A macro  is  a 
group  of  NC  codes  in  another  NC  program  (or  called  subprogram  in  this  case),  and 
each  macro  is  called  by  its  particular  macro  numbers.  So  each  macro  requires  a 
unique  macro  number  and  a unique  file  name  for  the  file  containing  the  codes  of  the 
macro.  The  entered  macro  numbers  and  file  names  are  saved  to  the  file  named 
"loopname.lst"  in  a one-to-one  manner;  so  that,  when  a macro  calling  command  is 
encountered  in  the  verification,  the  verification  routine  can  use  the  macro  number 
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gotten  from  the  program  to  find  the  file  name  of  the  macro  in  "loopname.lst"  and 
access  the  codes  of  the  macro  in  the  file.  The  window  shown  in  Figure  6-7  appears 
after  this  window  if  the  "Done"  button  of  this  window  is  selected. 

Similar  to  the  way  the  controller  deciphers  the  NC  program,  the  verification 
routine  reads  and  checks  the  program  block  by  block.  In  each  block,  the  index 
number  (N  code)  is  neglected  and  the  modes  (e.g.  G1  vs  G2/3)  are  updated  if  G 
codes  are  contained.  If  the  current  block  does  not  call  a G65  macro,  the  format  is 
checked  against  the  current  motion  mode  (G1  or  G2/3).  If  the  current  mode  is  G1 
but  the  block  contains  I,  J,  K,  or  R code,  which  is  used  in  G2/3  mode,  the  format  is 
wrong.  If  the  current  mode  is  G2/3,  the  block  should  contain  I,  J,  K,  or  R code. 
After  the  format  is  checked,  the  feedrate  of  the  current  motion  is  compared  with  the 
value  entered  in  the  window  if  the  user  requests.  If  any  wrong  format  or  feedrate 
is  found,  the  mistake  is  printed  to  the  file  "errors.lst".  At  the  end,  the  tool  motion 
commanded  by  the  current  block  is  displayed  on  the  screen  and  the  current  position 
of  the  tool  is  updated.  The  routine  then  continue  to  read  and  check  the  next  block. 
If  a G65  macro  is  called,  the  verification  routine  will  acquire  the  data  in  the  current 
block  such  as  the  called  macro  number  and  the  number  of  iterations  first.  Then  the 
routine  will  open  the  "loopname.lst"  file  to  search  for  the  called  macro  number  in  the 
file.  If  the  macro  number  cannot  be  found  in  the  file,  the  verification  terminates 
immediately  with  a message.  If  the  macro  number  is  found,  the  routine  will  acquire 
the  file  name  of  the  macro  and  access  the  file  to  process  the  codes  in  the  file 
immediately.  The  verification  routine  will  process  the  codes  of  the  macro  for  the 
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number  of  times  commanded  in  the  calling  program.  After  the  codes  of  the  macro 
are  processed  completely,  the  routine  will  come  back  to  the  calling  program  to 
continue  processing  the  codes  following  the  block  which  calls  the  macro.  The 
verification  process  terminates  when  the  main  program  is  checked  completely,  the 
program  termination  code  (M30)  is  encountered,  or  the  number  of  the  found  errors 
are  over  a hundred. 


CHAPTER  7 

RESULTS  AND  APPLICATIONS 


A PC-based  CAM  system  has  been  created  by  using  the  techniques  presented 
in  this  study.  The  system  includes  a design  module  which  allows  the  user  to  create 
and  edit  general  lines  and  arcs  in  3-D  space.  The  wireframe  model  of  the  part  to  be 
produced  or  the  regions  to  be  machined  can  be  constructed  through  a series  of 
creating  and  editing  operations  in  the  design  module.  The  constructed  geometry  can 
be  saved  as  a file  permanently,  and  the  file  can  be  restored  in  the  design  module  for 
modification  or  application.  Besides  the  entity  creation  and  editing  functions,  several 
view  functions  are  also  provided  in  the  system  so  that  the  user  can  observe  the 
constructed  geometry  three-dimensionally  in  any  direction  of  view  and  with  different 
scales  by  use  of  the  view  functions. 

Five  tool  path  generation  routines  are  implemented  in  the  system.  They  are 
the  2-D  contouring  routine,  the  2-D  and  3-D  spiral  pocketing  routines,  and  the  2-D 
and  3-D  zigzag  pocketing  routines.  The  inputs  of  the  tool  path  generation  routine 
are  the  wireframe  model  of  the  to-be-machined  region  and  the  pertinent  data  such 
as  the  radial  immersion.  The  output  of  the  routine  is  the  tool  path  for  the 
machining.  The  contouring  routine  generates  the  tool  path  for  the  machining  along 
a profile  which  can  be  either  closed  or  non-closed.  The  pocketing  routines  generate 
the  tool  path  for  the  machining  of  2-D  or  3-D  pockets.  The  pocket  can  be  either 


135 


136 


closed  or  half-open.  The  half-open  pocket  contains  at  least  one  boundary  segment 
which  can  be  crossed  by  the  toot.  To  manufacture  a part,  the  user  can  divide  the 
whole  to-be-machined  area  into  simpler  regions  which  are  machinable  by  these 
routines.  Each  pocket-shape  region  can  be  machined  with  either  a spiral  or  zigzag 
tool  path,  whichever  is  considered  more  appropriate,  by  using  the  proper  pocketing 
routine. 

A feature  of  the  spiral  and  contouring  tool  path  generation  method  developed 
for  this  system  is  that  no  circular  tool  motion  is  produced  around  the  external  corner 
of  the  pocket  or  contouring  profile,  which  makes  the  tool  path  generated  in  this 
system  more  suitable  for  high-speed  machining  than  the  tool  path  generated  in  the 
other  packages.  Figure  7-1  shows  two  examples  of  spiral  tool  path  generated  in  the 
system.  Shown  in  Figure  7-la  is  a closed  pocket  and  the  generated  tool  path.  Shown 
in  Figure  7- lb  is  a half-open  pocket  and  the  generated  tool  path.  The  boundary  of 
the  pocket  in  Figure  7-lb  is  of  the  same  dimension  as  that  of  the  pocket  in  Figure 
7- la,  but  the  pocket  of  Figure  7- lb  is  half-open  because  the  boundary  segments  on 
the  right  and  left  ends  are  crossed  by  the  tool.  From  the  figure,  if  the  boundary 
segments  of  the  pocket  are  all  linear,  the  segments  of  the  spiral  tool  path  generated 
by  this  system  will  be  all  linear  as  well.  Figure  7-2  shows  the  same  pocket  as  the  one 
in  Figure  7- la  and  the  tool  path  generated  by  the  SURFCAM  commercial  package. 
It  can  be  seen  that  various  circular  motions  are  generated  around  the  external 
corners  of  the  boundary.  In  high-speed  machining,  the  tool  needs  to  be  commanded 
with  slow  feedrate  for  these  circular  motions  in  order  to  have  the  actual  tool  motions 
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follow  the  commanded  motions  exactly.  The  use  of  low  feedrate  will  slow  down  the 
whole  machining  process  and  is  thus  not  preferable.  Figure  7-3  shows  another 
example  of  spiral  tool  path  generated  by  this  system.  Note  that  this  tool  path 
contains  three  separate  sets  of  loops. 


Figure  7-1  Examples  of  spiral  tool  path  generated  by  this  system 

(a)  Closed  boundary  (b)  Half-open  boundary 


Figure  7-2  The  spiral  tool  path  generated  by  SURFCAM  for  the  same  boundary 

as  Figure  7- la 
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Figure  7-3  A spiral  tool  path  of  multiple  sets  of  loops  generated  by  this  system 

Figure  7-4  shows  an  example  of  the  contouring  tool  path  generated  by  this 
system.  It  can  be  seen  that  no  circular  tool  motion  is  generated  around  the  external 
corners  of  the  profile.  Figure  7-5  shows  a similar  contouring  tool  path  generated  by 
the  SURFCAM  package.  It  shows  that  a circular  tool  motion  is  generated  for  each 
external  corner  of  the  profile.  In  this  system,  the  zigzag  tool  path  is  generated  so 
that  the  first  and  final  segments  pass  through  the  open  boundary  segments  to  avoid 
plunging.  Figure  7-6  illustrates  this  passing  through  with  two  examples.  The 
boundaries  of  these  two  examples  are  of  the  same  dimension  but  have  different  open 
segments.  The  tool  path  is  generated  from  top  to  bottom.  In  Figure  7-6a,  since  the 
top  and  bottom  boundary  segments  are  open,  the  first  and  final  segments  pass 
through  the  top  and  bottom  boundary  segments  respectively.  In  Figure  7-6b,  the  top 


139 


two  segments  of  the  boundary  on  the  right  are  also  open;  therefore  the  first  tool  path 
segment  is  elongated  to  start  from  the  outside  of  the  boundary. 


Figure  7-4  A contouring  tool  path  generated  by  this  system 
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Figure  7-5  A contouring  tool  path  generated  by  SURFCAM 


Figure  7-6  Examples  of  zigzag  tool  path  generated  by  this  system 

(same  boundary,  different  open  segments) 

(a)  Boundary  with  two  open  segments  (top  and  bottom) 

(b)  Boundary  with  two  more  open  segments  (on  the  upper  right) 
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This  system  has  been  used  to  produce  four  different  aircraft  structures  as 
shown  in  Figures  7-7  through  7-10.  All  of  the  NC  programs  for  the  roughing  and 
most  of  the  NC  programs  for  the  finishing  are  generated  by  this  system.  The 
SURFCAM  commercial  package  was  used  to  prepare  the  NC  programs  for  finishing 
the  curved  rims  of  the  ears.  These  rims  are  constructed  and  machined  (for  finishing) 
as  curved  surfaces  by  using  SURFCAM.  Each  part  was  produced  two  or  three  times 
with  different  machining  approaches  in  an  attempt  to  minimize  the  machining  time 
and  produce  quality  surfaces.  The  optimal  axial  depths  of  cut  and  spindle  speeds 
acquired  by  the  cutting  tests  in  conjunction  with  the  CRAC(Chatter  Recognition  and 
Control)  system  are  used  in  the  machining.  The  results  were  satisfactory. 


Figure  7-7  The  first  aircraft  structure  produced  by  this  system 
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(a) 


Figure  7-8  The  second  aircraft  structure  produced  by  this  system 

(a)  Top  side  (b)  Bottom  side 
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Figure  7-9  The  third  aircraft  structure  produced  by  this  system 


Figure  7-10  The  fourth  aircraft  structure  produced  by  this  system 
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The  whole  to-be-machined  area  of  the  part  is  divided  into  numerous  regions 
according  to  the  shape  of  the  part,  the  machining  strategy,  and  the  capability  of  the 
machining  routines.  The  3-D  spiral  and  zigzag  pocketing  routines  are  used  to 
machine  the  regions  around  the  high  ears.  The  3-D  regions  between  the  ears  are 
constructed  as  3-D  pockets  using  the  dimensions  of  the  part  to  be  produced  and  the 
stock  workpiece  and  machined  as  half-open  pockets  by  specifying  the  borders  allowed 
to  be  crossed  by  the  tool.  The  convenience  of  applying  half-open  pocket  is  that  no 
modification  is  needed  when  a tool  of  different  dimensions  is  used  to  machine  the 
same  region. 

The  2-D  spiral  pocketing  routine  is  used  to  machine  the  2^/ 2-D  pockets  at  the 
bottom  of  the  part.  The  spiral-in  process  is  used  to  rough  these  pockets.  The  spiral- 
out  process  is  used  in  finishing  or  cutting  through  the  thin  floors  of  the  pockets, 
because  the  spiral-out  process  lets  the  thin  floor  have  stronger  support  when  the 
central  area  is  being  cut.  If  the  spiral-in  process  is  used  in  the  finish  cut  of  the  thin 
floor,  the  thin  floor  will  have  a weak  support  when  the  central  area  is  being  cut 
because  the  area  of  the  floor  nearby  the  boundary  has  been  thiimed  already.  The 
contouring  routine  are  used  to  machine  along  the  exterior  border  of  the  part  and 

finish  the  surfaces  of  the  part  as  needed. 

The  ramping  strategy  adopted  in  postprocessing  shows  promising  effect  in 
preventing  the  BUE  problem  caused  by  plunging  and  minimizing  the  number  of  time 
in  moving  the  tool  up  and  down  through  the  clearance  plane.  Most  of  the  NC 
programs  for  the  machining  are  verified  by  the  verification  routine  before  sending 
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into  the  controller.  Usually  the  first  versions  of  NC  programs,  especially  the  simple 
programs  written  manually,  contain  some  mistakes.  These  mistakes  are  hopefully  all 
discovered  by  the  verification  routine’s  checking  function  and  the  user’s  visual 
examination,  and  are  corrected  by  the  user  before  machining. 


CHAPTER  8 

CONCLUSIONS  AND  FUTURE  EXTENSIONS 


A PC-based  CAM  system  for  high-speed  three-axis  machining  of  aircraft 
structures  has  been  developed  in  this  research.  To  develop  this  system,  several  issues 
concerning  the  CAM  system  were  investigated.  These  investigations  included  tool 
path  generation,  development  of  machining  routines  (especially  the  3-D  pocketing), 
postprocessing  strategies,  and  verification  of  NC  programs.  The  basic  techniques  for 
the  development  of  a whole  CAM  system  as  well  as  design  functions  for  entity 
creation  and  editing  are  also  covered  in  this  study  although  they  are  not  the  main 
concern. 

To  manufacture  aircraft  structures,  this  system  possesses  five  machining 
routines  including  two  3-D  pocketing  routines.  These  routines  were  implemented  by 
using  the  newly  developed  tool  path  generation  method.  The  generated  tool  paths 
are  postprocessed  with  new  strategies.  This  system  also  possesses  a verification 
routine  which  provides  a fast  way  to  verify  the  NC  programs  before  the  machining. 

The  new  tool  path  generation  method  used  in  this  system  is  developed  based 
on  a new  offset  determination  approach  which  determines  the  offset  of  a segment  by 
directly  calculating  the  two  offset  intersection  points  with  its  adjacent  segments  and 
allows  the  offset  distances  of  the  segments  to  be  different.  This  method  does  not 
need  the  time-consuming  procedure  of  finding  and  removing  unnecessary  subloops 
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from  the  raw  loop.  The  subloop  removing  process  is  necessary  in  the  conventional 
method  which  obtains  the  raw  offset  loop  by  offsetting  each  segment  of  the  original 
loop  and  inserting  arcs  or  lines  to  connect  these  raw  offsets  as  a loop. 

The  five  tool  path  generation  routines  in  this  system  are  all  developed  based 
on  the  new  offset  determination  approach.  Using  this  approach,  the  spiral  tool  path 
generated  in  this  system  does  not  have  circular  tool  motions  around  the  external 
corners  of  the  pocket  boundary,  and  thus  the  tool  does  not  need  to  move  slowly 
around  the  external  corners  as  when  circular  motions  exist.  This  offset  determination 
approach  is  also  used  in  computing  the  zigzag  tool  path.  With  this  offset 
determination  method,  the  boundary  of  the  pocket  can  be  either  closed  or  half-open. 
A half-open  pocket  contains  some  boundary  segments  which  can  be  crossed  by  the 

tool. 

The  3-D  pocketing  routine  is  developed  for  the  machining  of  the  3-D  pocket 
which  contains  at  least  one  curved  wall  (curved  in  the  third  dimension).  The  shape 
of  the  curved  wall  is  specified  by  a series  of  connected  lines  and  arcs  located  on  a 
plane  perpendicular  to  the  corresponding  boundary  segment.  The  3-D  routine 
generates  the  tool  path  level  by  level  automatically  from  the  top  z level  to  the 
bottom  z level  at  an  interval  of  the  depth  of  cut  specified  by  the  user. 

The  spiral  tool  path  generated  in  this  system  is  postprocessed  with  the 
ramping  method  to  avoid  the  BUE  problem  caused  by  plunging  and  to  minimize  the 
number  of  moves  through  the  clearance  plane  to  reduce  the  machining  time.  The 
postprocessing  routine  also  allows  the  assignment  of  different  feedrates  to  linear 
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motions  and  circular  motions  so  that  the  maximum  allowable  feedrates  for  each  type 
of  tool  motion  can  be  used  in  the  machining.  The  zigzag  tool  path  avoids  the  BUE 
problem  by  extending  the  tool  path  to  the  open  boundary  segments  in  the  tool  path 
generation  stage.  During  postprocessing  the  zigzag  tool  path,  the  number  of  moves 
through  the  clearance  plane  is  minimized  by  alternating  the  starting  point  for 
machining  between  the  two  end  points  of  the  tool  path  from  level  to  level. 

This  system  also  includes  a verification  routine  to  check  the  format  and 
feedrates  of  the  existing  NC  program  and  display  the  tool  path  on  the  screen  so  that 
the  user  can  visually  examine  the  tool  path.  The  verification  routine  can  save 
significant  amount  of  time  from  verifying  the  NC  program  by  running  the  machine 
in  air. 

This  system  has  been  used  to  manufacture  four  different  aircraft  parts.  Each 
part  was  produced  several  times  using  different  strategies  in  an  attempt  to  produce 
quality  surfaces  and  minimize  machining  time.  The  preparation  work  (generation  of 
NC  programs)  is  facilitated  significantly  by  using  this  system  instead  of  the  other 
packages.  With  the  use  of  the  optimal  axial  depths  of  cut  and  spindle  speeds 
acquired  by  the  CRAC  system  for  the  tools,  the  parts  are  produced  with  quality 

surfaces  in  satisfactory  machining  time. 

Although  this  system  has  been  developed  and  applied  to  produce  aircraft  parts 
successfully,  it  can  still  be  enhanced  in  almost  every  aspect.  Firstly,  much  more 
programming  effort  can  be  undertaken  to  facilitate  the  operation  of  the  system.  For 
example,  the  user  interface  can  be  improved  to  become  more  user  friendly  and  the 
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design  module  can  be  enhanced  with  more  functions  such  as  rotating  an  created 
entity  so  that  the  geometry  construction  task  will  become  easier.  However,  these 
tasks  require  intensive  programming  work  but  does  not  improve  the  manufacturing 
capability  of  the  system. 

In  manufacturing,  this  system  can  be  used  to  produce  parts  whose  shape  is 
described  by  only  lines  and  arcs.  For  those  parts  including  other  types  of  curve  such 
as  polynomial  curve,  this  system  is  not  sufficient.  Other  types  of  curves  need  to  be 
included  in  this  system  to  expand  the  application  of  this  system.  B-spline  curves  are 
frequently  used  in  the  other  machining  routines  or  CAM  packages  and  are  a good 
candidate  for  addition  to  the  system.  Functions  for  constructing  and  machining 
curved  surfaces  is  also  a good  extension  to  this  system.  However,  many  other  CAM 
packages  already  handle  curved  surfaces. 

The  pocketing  routines  in  this  system  are  not  developed  for  machining  pockets 
with  islands  because  the  aircraft  parts  (like  the  ones  produced  for  this  study)  are 
small  and  have  no  islands  inside  the  pockets  of  the  part.  However,  expanding  the 
capability  of  the  pocketing  routine  to  include  the  possibility  of  islands  is  a good 
extension  of  this  research.  The  data  structure  used  in  this  study  is  able  to  handle 
machining  with  islands,  but  the  algorithm  for  tool  path  generation  needs  to  account 
for  islands.  In  addition,  the  machining  routines  are  developed  to  machine  the  profile 
or  pocket  described  by  lines  and  arcs  only.  It  is  considerable  work  to  expand  the 
machining  routines  to  other  types  of  curves.  Furthermore,  the  zigzag  pocketing 
routine  of  this  system  carmot  be  used  to  machine  the  pocket  without  two  parallel 
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linear  boundary  segments.  It  is  also  a good  extension  to  further  develop  the  zigzag 
routine  so  that  it  can  handle  pockets  of  any  boundary  shape  in  any  direction  specified 
by  the  user. 

The  verification  routine  of  this  system  only  checks  the  format  and  feedrates 
of  the  NC  program  and  displays  the  tool  motions  without  any  examination.  A good 
expansion  to  the  verification  routine  is  to  incorporate  the  geometric  modeling  or 
even  solid  modeling  technique  so  that  the  routine  can  automatically  check  if  the  tool 
will  collide  with  the  clamps  or  gouge  the  work  piece. 

It  is  stated  in  the  first  chapter  that  the  manufacturing  of  aircraft  structures 
needs  five-axis  machining  capability.  As  the  application  of  high-speed  machining 
technique  is  increased  in  manufacturing  aircraft  structures,  expanding  the  scope  of 
the  research  to  five-axis  machining  is  necessary  and  worthwhile. 


APPENDIX  A 

INTRODUCTION  OF  NC  CODES 


A brief  introduction  of  the  NC  codes  used  mostly  in  NC  progranuning  is  given 
in  this  appendix.  Every  machine  tool  controller  has  its  own  defined  NC  codes  and 
accepts  only  those  codes.  Although  there  is  no  established  standard  for  the  NC  code, 
there  are  some  codes  such  as  GOl,  G02,  G03,  G90,  and  G91  which  are  defined  with 
the  same  meaning  in  every  controller  used  today.  In  this  section,  these  codes  are 
introduced  along  with  the  example  program 


OOOOl 

NIO  G91  GOl 
N15  S 10000 
N20  Z0.2  F30 
N25  X1.3  Y3.1  F300 
N30  Z-0.7  F30 
N35  X-1.3  Y-2.2  Z-0.05 
N40  X2.2  Y3.1  F300 
N45  Y-3.0 

N50  G02  X0.6  10.8  F30 
N55  GOl  X5.3  F300 
N60  X5.5  Y 2.4 
M30 


which  is  acceptable  to  the  GE  Fanuc  series  15-M  controller.  A brief  description  on 
how  the  NC  program  is  executed  is  also  covered. 

The  commands  in  the  NC  program  is  executed  by  the  controller  block  by 
block.  Each  command  (block)  usually  contains  several  codes  such  as  G,  X,  Y,  or  F 
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codes.  Every  code  is  followed  by  a number  which  either  determines  the  meaning  of 
the  code  or  is  the  data  required  by  the  code.  For  example,  the  number  following  the 
G code  determines  the  meaning  of  the  code,  and  the  number  following  the  X or  Y 
code  is  the  data  for  the  tool  motion.  G codes  are  categorized  into  several  groups 
according  to  the  meaning  of  the  code.  Usually  the  codes  of  the  same  group  have 
conflicting  meanings,  and  only  one  code  is  effective  at  a time.  For  example,  GOl, 
G02,  and  G03  are  of  the  same  group  for  setting  the  type  of  tool  motion;  GOl  sets  the 
mode  of  tool  motion  to  linear  interpolation,  while  G02  or  G03  sets  the  mode  to 
circular  interpolation.  G codes  can  also  be  distinguished  as  two  types  from  the 
duration  of  effectiveness.  The  G code  which  is  effective  only  in  the  block  it  appears 
is  called  one-shot  G code.  The  other  type,  which  is  effective  until  another  G code 
of  the  same  group  is  specified,  is  called  modal  G code. 

The  first  block  of  a NC  program  is  the  program  number  indexing  the  program. 
The  program  number  is  a four-digit  integer  given  with  the  O code  as  shown  in  the 
example.  Every  block  after  the  program  number  can  be  started  with  a N code  which 
is  followed  by  a integer  number  to  index  the  block.  The  N code  and  index  number 
are  neglected  by  the  controller.  The  codes  in  first  few  blocks  of  the  program  usually 
are  given  to  set  the  modes  of  the  controller.  If  the  modes  specified  by  these  codes 
are  the  default  ones,  these  codes  can  be  omitted.  In  the  second  block  of  the  example 
program,  two  mode  setting  codes  (G91  and  GOl)  are  given.  The  meaning  of  these 
two  codes  are  introduced  with  the  codes  of  their  respective  groups  in  the  following. 
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G90  and  G91  codes  are  in  the  same  group  for  setting  the  way  of  commanding 
travels  to  the  axes.  G90  sets  the  mode  to  be  absolute  and  G91  sets  the  mode  to  be 
incremental.  In  the  absolute  mode,  the  coordinate  values  of  the  end  points  of  the 
travel  shall  be  given  to  the  tool  motion  commands  (X,  Y,  and  Z codes)  in  the 
program.  In  the  increment  mode,  the  displacement  of  the  travel  shall  be  given  to  the 
tool  motion  commands.  For  example,  if  the  tool  is  at  point  (5.0,  12.0,  5.0)  currently, 
and  is  to  be  moved  to  point  (10.0,  5.0,  5.0).  In  the  absolute  mode,  the  tool  motion 
command  shall  be  given  as: 

XIO.O  Y5.0 

In  the  incremental  mode,  the  tool  motion  command  shall  be: 

X5.0  Y-7.0 

Both  of  these  two  codes  are  modal.  Incremental  is  the  default  mode  of  the  GE 
Fanuc  series  15-M  controller. 

GOl,  G02  and  G03  are  modal  codes  in  the  same  G code  group.  These  codes 
are  used  to  specify  the  type  of  the  tool  motion.  GOl  actuates  the  linear  interpolation 
mode.  G02  and  G03  actuate  the  circular  interpolation  mode.  In  the  linear  mode, 
the  tool  motion  command  shall  be  given  in  the  format  as: 

X Y Z F 

The  blank  following  the  X,  Y,  or  Z code  is  the  coordinate  of  the  ending  point  (in 
G90)  or  the  displacement  of  the  travel  (in  G91)  in  the  respective  axis.  The  code 
whose  following  number  is  zero  (e.g.  Y 0.0)  can  be  omitted.  The  F code  specifies  the 
feedrate  for  the  tool  motion.  Because  the  F code  is  modal,  it  can  be  omitted  if  the 
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feedrate  of  this  motion  is  the  same  as  the  previous  one.  In  the  circular  mode,  the 
tool  will  be  moved  along  a circular  arc.  G02  is  used  for  the  motion  in  the  clockwise 
(CW)  direction,  while  G03  is  used  for  the  motion  in  the  counterclockwise(CCW) 
direction.  The  direction  of  motion  is  defined  as  it  is  viewed  from  the  positive  side 
of  the  z axis  to  the  negative  side  (see  Figure  A-1).  The  command  in  the  circular 
mode  for  the  motion  on  a x-y  plane  shall  be  given  as: 


G02(orG03)  X 


Y 


R 


or 


G02(orG03)  X 


Y 


I 


Figure  A-1  Clockwise(G02)  and  counterclockwise(G03)  direction 


The  blank  following  the  code  represents  a number  for  that  code.  The  numbers  for 
the  X and  Y codes  specify  the  ending  point  of  the  arc  and  shall  be  expressed  as 
absolute  or  incremental  values  according  to  G90  or  G91.  In  the  first  expression,  the 
R code  specifies  the  radius  of  the  arc.  For  an  arc  less  than  180  ° , a positive  value 
shall  be  given  for  the  arc  radius.  For  an  arc  greater  than  180  ° , a negative  value  for 
the  arc  radius  shall  be  given.  In  the  second  expression,  the  arc  center  is  specified  by 
the  I and  J codes.  The  numerical  values  following  I and  J are  the  components  of  the 
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vector  from  the  starting  point  to  the  arc  center  and  are  always  given  as  an 
incremental  value  regardless  of  G90  or  G91.  The  F code  specifies  the  feedrate  for 
this  motion  and  can  be  omitted  if  the  feedrate  is  the  same  as  the  previous  motion. 

The  S code  on  the  third  block  specifies  the  spindle  speed  of  the  machine. 
When  this  command  is  encountered,  the  spindle  will  be  commanded  to  change  its 
rotational  speed  to  the  specified  value.  If  the  spindle  speed  is  not  to  be  controlled 
by  the  program,  the  S code  can  be  omitted.  From  the  N20  block  to  the  N45  block 
is  a series  of  linear  tool  motion  commands  as  described  earlier  in  this  section. 
Several  feedrate  changes  are  commanded  in  these  motions.  The  N50  block 
commands  a CW  circular  motion  with  a low  feedrate.  The  N55  block  changes  the 
motion  back  to  a high-feedrate  linear  motion.  The  program  termination  code,  M30, 
is  given  in  the  last  block  of  the  program  to  stop  executing. 

In  addition  to  the  codes  described  previously,  the  GE  Fanuc  series  15-M 
allows  the  program  to  call  macros  by  using  the  G65  code.  The  command  to  call  a 
macro  is: 

G65  Pfmacro  number!  Lfiteration  times!  < argument  assignment > 

This  command  instructs  the  controller  to  iteratively  execute  the  commands  of  the 
macro  as  many  times  as  the  number  following  the  L code  immediately.  Then  the 
controller  will  return  to  the  calling  program  to  execute  the  following  commands.  The 
argument  assignment  section  allows  to  pass  numerical  values  to  the  variables  in  the 
macro  if  they  are  used.  The  argument  assignment  shall  be  given  in  the  format  as: 

A B C D Z 
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Each  address  (A,  B, ...  Z)  of  the  argument  corresponds  to  a defined  variable  of  the 
macro.  For  example,  address  A corresponds  to  variable  "#1",  B to  "#2".  The  whole 
list  of  the  assigned  addresses  and  variables  can  be  found  in  the  operation  manual  of 
the  GE  Fanuc  series  15-M  controller. 


APPENDIX  B 

SOME  TECHNIQUES  AND  TURBO  C FUNCTIONS 
USED  IN  THE  PROGRAMMING 


This  appendix  introduces  some  techniques  and  Turbo  C functions  used  in  the 
programming  for  this  system.  This  introduction  includes  the  techniques  to  draw 
entities  on  the  screen,  to  acquire  the  mouse  position  on  the  screen,  to  pick  an  entity 
on  the  screen,  and  to  pop  up  a window.  The  Turbo  C functions  used  to  the 
programming  for  these  techniques  are  also  introduced.  The  discussion  of  the  Tmbo 
C functions  are  at  the  basic  level.  The  details  of  these  functions  can  be  found  in 
Turbo  C Reference  Guide  or  other  related  books. 

B.l  Drawing  Lines  and  Arcs  on  the  Screen 

Functions  moveto( ) and  lineto( ) are  used  to  draw  the  elementary  entities  of 
the  system,  line  and  arc,  in  the  drawing  area  of  the  screen.  Function  moveto(  ), 
declared  as 

void  far  moveto(int  j:,  inty);, 

moves  the  current  drawing  position  to  (x,  y)  without  drawing.  Function  lineto(  ) is 
declared  by  the  statement 

void  far  lineto(int  x,  int  y); 
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It  draws  a line  from  the  current  position  to  (x,  y)  and  updates  the  current  position 
to  (x,  3?)  thereafter. 

To  draw  a line,  the  world  coordinates  of  the  two  end  points  of  the  line  are 
transformed  to  the  screen  coordinates  by  using  the  transformation  equations 
described  in  Chapter  2.  The  two  functions  are  used  to  draw  the  line  on  the  screen 
after  the  transformation.  If  (x^,  y^)  and  (x^,  y^)  are  the  screen  coordinates  of  the 
starting  and  ending  points  of  the  line  respectively,  the  two  statements 

moveto(Xs,  yj; 

lineto(Xe,  ye); 

draws  the  line  to  its  proper  position  on  the  screen. 

An  arc  is  drawn  on  the  screen  by  connecting  points  on  the  arc  with  line 
segments(chords).  First,  the  starting  point  of  the  arc  is  transformed  from  the  world 
coordinates  to  the  screen  coordinates,  and  the  moveto(  ) function  is  used  to  move 
the  current  drawing  position  to  the  transformed  starting  point  of  the  arc.  Then  a do- 
while  loop  is  used  to  draw  the  lines  by  connecting  equally  spaced  points  from  the 
starting  point.  The  task  performed  inside  the  do-while  loop  can  be  divided  into  the 
following  four  steps: 

1.  Increment  the  angle  of  the  point  to  be  connected. 

2.  Compare  that  angle  to  the  included  angle  of  the  arc. 

3.  Calculate  the  world  coordinates  of  the  point  at  newly  incremented  angle. 

4.  Transform  from  world  coordinates  to  screen  coordinates. 
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5.  Use  lineto(  ) to  draw  the  line  from  the  last  point  to  the  current  point. 
The  do-while  loop  quits  when  the  angle  is  greater  than  the  included  angle  of  the  arc. 
After  the  loop,  the  drawing  of  the  arc  is  completed  by  transforming  the  world 
coordinates  of  the  ending  point  of  the  arc  to  the  screen  coordinates  and  using 
another  lineto( ) statement  to  draw  the  line  from  the  last  point  drawn  in  the  loop  to 
the  ending  point. 

B.2  Acquiring  the  Mouse  Position 

The  X and  y coordinates  of  the  current  mouse  position  on  the  screen  can  be 
acquired  by  using  the  Turbo  C int86(  ) function.  The  int86(  ) function  is  declared 
as: 

int  int86(int  intno,  union  REGS  *inregs,  union  REGS  *outregs); 
where  union  REGS,  used  for  storing  the  data  of  registers,  is  declared  as 

union  REGS 

{ struct  WORDREGS  x; 
struct  BYTEREGS  h; 

}; 

In  the  union,  the  structures  WORDREGS  and  BYTEREGS  store  the  data  of  byte 
and  word  registers  respectively.  The  statements  to  declare  these  two  structures  are: 

struct  BYTEREGS 
{ unsigned  char  al,  ah,  bl,  bh; 
unsigned  char  cl,  ch,  dl,  dh; 

}; 
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struct  WORDREGS 
{ unsigned  int  ax,  bx,  cx,  dx; 
unsigned  int  si,  di,  cflag,  flags; 

}; 

The  function  int86(  ) executes  an  8086  software  interrupt  specified  by  its  first 
argument,  intno.  It  copies  register  values  from  inregs  into  the  registers  before 
executing  the  interrupt  and  copies  the  register  values  and  the  status  of  the  carry  flag 
to  outregs  after  the  interrupt  returns.  The  status  of  the  carry  flag  is  copied  to  the 
x.cflag  field  in  outregs.  The  value  of  the  flag  register  is  copied  to  the  x.flags  field  in 
outregs.  If  the  carry  flag  is  set,  it  usually  indicates  that  an  error  has  occurred.  This 
function  returns  the  value  of  AX. 

To  acquire  the  coordinates  of  the  mouse  position,  int86()  is  called  by  giving 
intno  the  value  0x33.  Before  calling  int86(  ),  the  field  inregs.x.ax  should  have  the 
value  3.  After  executing  interrupt  0x33,  the  x and  y coordinates  of  the  current  mouse 
position  are  stored  in  the  fields  outregs.x.cx  and  outregs.x.dx  respectively.  The 
returned  value  of  int86( ) indicates  the  status  of  the  mouse  buttons. 

B.3  Picking  an  Entity  on  the  Screen 

To  pick  an  entity  on  the  screen,  the  user  must  position  the  mouse  close  to  that 
entity  (within  a certain  range)  and  press  the  left  mouse  button.  When  the  left  mouse 
button  is  pressed,  the  x and  y coordinates  of  the  mouse  position  are  acquired  and 
transformed  to  the  x and  y coordinates  of  the  ortho  coordinate  system.  Then  a do- 
while  loop  runs  through  the  linked  list  of  the  entities  to  search  for  the  chosen  entity. 
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In  the  loop  body,  a two-step  comparison  process  is  used  to  determine  if  the  entity  is 
the  chosen  entity  or  not.  The  first  step  is  to  compare  the  ortho  coordinates  of  the 
mouse  position  with  the  bounding  rectangle  that  encloses  each  entity.  If  (x„„  y,„)  are 
the  ortho  coordinates  of  the  mouse  position,  the  mouse  is  inside  the  rectangle  only 
if  Xmin  < < Xmax  and  Ymin  < y„,  < Ymax,  where  Xmin,  Xmax,  Ymin  and 

Ymax  are  variables  (in  the  structure  Element  described  in  section  4.1)  that  are  the 
bounds  of  the  rectangle  for  the  entity.  If  the  mouse  position  is  not  inside  the 
rectangle,  the  current  entity  is  skipped.  Otherwise  the  second  step  comparison  is 
performed  by  calculating  the  distance  from  the  mouse  position  to  the  entity  in  the 
x-y  plane  of  the  ortho  coordinate  system  and  comparing  that  distance  to  the  specified 
range.  If  the  distance  to  an  entity  is  within  the  range,  the  entity  is  chosen  and  the 
search  process  terminates.  If  no  entity  is  not  within  the  range,  the  system  displays 
a message  to  the  user  that  nothing  has  been  chosen. 

Popping  Up  a Window 

The  procedure  for  popping  up  a window  can  be  divided  into  the  following 
three  steps: 

1.  Save  the  image  of  the  area  where  the  window  is  to  show  up. 

2.  Display  the  window  and  process  in  the  window  as  needed. 

3.  Close  the  window  by  restoring  the  original  images. 

In  the  first  step,  the  memory  space  for  saving  the  image  must  be  allocated  first.  The 
malloc(  ) function  can  be  used  to  allocate  the  memory.  Declared  as 
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void  *malloc(size_t  size);, 

malloc(  ) allocates  a block  of  size  bytes  from  the  C memory  heap  and  returns  a 
pointer  to  the  newly  allocated  block  of  memory.  It  returns  null  if  not  enough  space 
exists.  The  size  of  the  memory  required  for  the  image  of  the  area  can  be  obtained 
by  using  the  imagesize( ) function,  which  is  declared  as: 

unsigned  far  imagesize(int  left,  int  top,  int  right,  int  bottom)'. 

The  four  arguments  are  the  four  bounds  of  the  rectangle  area  on  the  screen  and  the 
function  returns  the  size  of  the  required  memory  area  in  bytes.  After  the  memory 
space  is  allocated,  the  image  of  the  target  area  can  be  saved  by  function  getimage(), 
which  is  declared  as 

void  far  getimage(int  left,  int  top,  int  right,  int  bottom,  void  far  ^bitmap)’. 

The  first  four  arguments  defines  the  rectangle  area  of  the  screen  to  be  saved,  and 
bitmap  points  to  the  memory  space  where  the  image  is  to  be  stored. 

After  the  image  of  the  target  area  has  been  saved,  the  window  can  be  popped 
up.  The  contents  of  the  window  can  be  displayed  by  using  the  screen  coordinates; 
or  a more  convenient  way  is  to  set  the  viewport  to  the  target  area  and  use  the 
coordinates  relative  to  the  viewport.  The  viewport  is  set  by  the  setviewport(  ) 
function,  which  is  declared  as 


void  far  setviewport(int  left,  int  top,  int  right,  int  bottom,  int  clip)’. 
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The  viewport’s  corners  are  given  in  absolute  screen  coordinates  by  (left,  top)  and 
(right,  bottom).  The  current  position  is  moved  to  (0,  0)  of  the  new  viewport.  The  last 
argument,  clip,  determines  whether  drawings  are  clipped  (truncated)  at  the  current 
viewport  boundary.  If  clip  is  nonzero,  all  drawings  in  the  current  viewport  will  be 
clipped  at  the  boundary. 

The  window  is  closed  by  the  function  putimage( ).  This  function,  declared  as 

void  far  putimage(int  left,  int  top,  void  far  *bitmap,  int  op);, 

puts  the  image  previously  saved  with  getimage( ) back  onto  the  screen  with  the  upper 
left  corner  of  the  image  placed  at  (left,  top).  The  pointer  bitmap  points  to  the 
memory  space  where  the  source  image  is  stored.  The  op  parameter  specifies  the  way 
to  show  the  color  of  each  destination  pixel  on  screen,  based  on  the  pixel  already  on 
screen  and  the  corresponding  source  pixel  in  memory.  If  op  is  0,  the  source  image 
in  memory  will  be  copied  onto  the  screen  without  any  change.  After  the  window  is 
closed,  the  memory  space  storing  the  original  image  is  deallocated  by  passing  the 
pointer  of  the  memory  space  to  the  free(  ) function,  which  is  declared  as 


void  free(void  *block); 
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